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 Abstract 
 
Evaluation of Arsenic and Selenium Quantitation in Marcellus Shales  and Flowback 
Saline Waters using Thiol Cotton Fibre-Graphite Furnace Atomic Absorption 
Spectroscopy and Diffusive Gradient in Thin Film Techniques 
 
Ronald S. Balaba 
 Trace levels of arsenic and selenium can be toxic to living organisms yet their 
quantitation in high ionic strength or high salinity aqueous media is difficult due to the matrix 
interferences which can either suppress or enhance the analyte signal. The objective of this 
proposed study has been to apply and/or modify inexpensive, simple, and interference-free 
analytical methods for the sub-ppb to ppb quantification of both inorganic and bioavailable 
arsenic and selenium fractions in highly saline/salty waters such as flowback wastewater 
produced from natural gas well drilling sites in the Marcellus shale and/or simulated or artificial 
high-salinity prepared from deionized water and spikes of different ions, selenium and arsenic 
concentrations.   
 A modified thiol cotton fiber (TCF) method employing lower flow rates and 
centrifugation has been developed and used to remove the analyte from complex aqueous media 
and minimize the matrix interferences. This method has been tested using a USGS (SGR-1b) 
certified reference shale. It has been used to analyze Marcellus shale samples following 
microwave digestion as well as spiked samples of high salinity water (HSW) and flowback 
wastewater (WRF6) obtained from an actual gas well drilling operation. Quantitation of arsenic 
and selenium was carried out by graphite furnace atomic spectroscopy (GFAAS). Extraction of 
arsenic and selenium from Marcellus shale exposed to HSW and WRF6 for varying lengths of 
time is also reported. 
In addition, the role of hydrofluoric acid in microwave-assisted digestion and in the 
elimination of spectral interferences from the aluminum matrix at 189 nm for arsenic 
quantitation by GFAAS with deuterium lamp back-ground correction has been investigated. 
When sufficient amounts of hydrofluoric acid are added to the sample for microwave-assisted 
digestion, the excess or residual hydrofluoric acid serves an additional role of matrix 
modification to inhibit the formation of aluminum oxide that has been reported to cause the 
spectral interference. The presence of sufficient fluoride in the sample enables formation of 
aluminum fluoride which volatilizes at 1291⁰ C, and this significantly reduces the spectral 
interference. The use of 0.5 mL of concentrated hydrofluoric acid and 4 mL of concentrated trace 
metal grade nitric acid and 0.25 g of sample enabled accurate and precise determination of 
arsenic in saline matrices containing aluminum up to 0.053 M Al3+ with LOD and LOQ varying 
with amount of hydrofluoric acid used. 
 Furthermore, since mobility and toxicity of arsenic and selenium in natural waters are 
related to the aqueous species distribution, a Diffusive Gradients in Thin Film technique (DGT) 
employing a polyacrylamide diffusive gel or 3-mecarptopropyl-functionalized silica and high-
capacity nanocrystalline titanium (IV) oxide adsorbent (Metsorb) has been modified and  used to 
isolate the bioavailable analytes species and thereby minimize the matrix effects observed in 
quantitation by graphite furnace atomic absorption spectroscopy (GFAAS). The DGT-GFAAS 
procedure has been used to determine the bioavailable arsenic and selenium isolated from 
flowback water from an actual gas well drilling operation (WRF6), as well as spiked samples of 
WRF6 and flowback wastewater (FS1). In addition, Marcellus shale samples were exposed to 
WRF6 for varying lengths of time and DGT-GFAAS was used to determine the bioavailable 
arsenic and selenium in these solutions. Speciation analysis was also carried out. The elution 
efficiencies using 1 M sodium hydroxide for arsenic and selenium were between 80- 93% and 
the detection limit for arsenic and selenium for 3 day deployments based on the standard 
deviation of the blank were 0.064 and 0.10 µg/L, respectively.
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Chapter One 
Natural Gas Exploration of the Marcellus Shale, Potential Ecotoxicological Effects 
of Arsenic and Selenium and their Quantitation in Saline Waters 
 
1. Introduction 
 
1.1 Marcellus Shale 
 
There is enormous interest in commercial exploitation of the Marcellus shale for natural 
gas production using new drilling technologies such as hydraulic fracturing. It is an organic-rich 
shale containing high quantities of natural gas in the pore spaces between its grains and fractures. 
In addition, the natural gas is also chemically adsorbed onto organic matter within the shale. It is 
found at depths ranging from 1000 feet from the top of the Devonian shale in Ohio to 7000 feet 
in the Appalachian basin as shown in Figure 1.1[1]. 
 
 
Figure 1.1 West to East section A-A’of middle and upper Devonian rocks in the 
       Appalachian Basin [1].  
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1.2 Natural gas drilling technologies and hydrological concerns 
 
The drilling technology generally employed in the Marcellus shale utilizes hydraulic 
fracturing combined with directional drilling. This involves steering an initially vertical drill hole 
at 90 degrees to penetrate long horizontal distances through the shale as shown in Figure 1.2 [1]. 
A large number of hydraulic fractures or high-permeability pathways are created in the shale at 
intervals along the horizontal section of the borehole [1-2].  This process requires millions of 
gallons of water under high pressure to provide path ways for the gas to move to the well.  
However, Warner et al. 2012 [3] have recently compiled geochemical data which suggests that 
natural migration of Marcellus formation brines to shallow aquifers in Pennsylavania is possible. 
 
 
 
Figure 1.2. Combination of directional drilling and hydraulic fracturing technology used for gas 
production from the Marcellus Shale in the Appalachian Basin [1]. 
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Concerns about this type of drilling in the Marcellus shale have arisen because of the 
chemicals shown in Table 1.1 which are added to the hydraulic fracturing fluid [2] as well as 
constituents found in flowback wastewater as a result of its contact with the Marcellus shale 
during stimulation treatment.  
 
Table 1.1. Common Composition of Fracking Fluid [2]. 
 
 
Chemical additive type Examples of compounds Purpose 
Acid Hydrochloric acid Clean out the wellbore, 
dissolve minerals and initiate 
cracks in shale/rock 
Friction reducer Polyacrylamide, petroleum 
distillate 
Minimize friction between the 
fluid and the pipe 
Corrosion inhibitor Isopropanol, acetaldehyde Prevent corrosion of pipe by 
dilute acid 
Iron control Citric acid, thioglycolic acid Prevent precipitation of metal 
oxides 
Biocide Glutaraldehyde, 2,2-dibromo-
3-nitrilopropionamide 
(DBNPA) 
Bacterial control 
Gelling agent Hydroxethylcellulose or 
guar/xantham gum 
Thicken water to suspend the 
sand 
Crosslinker Borate salts Maximize fluid viscosity at 
high temperatures 
Breaker Ammonium persulfate, 
magnesium peroxide 
Promote breakdown of gel 
polymers 
Oxygen scavenger Ammonium bisulfite Remove oxygen from fluid to 
reduce pipe corrosion 
pH adjustment Potassium or sodium 
hydroxide or carbonate 
Maintain effectiveness of 
other additives such as 
crosslinker 
Proppant Silica quartz sand Keep fractures open 
Scale inhibitor Ethylene glycol Reduce deposition on pipes 
Surfactant Ethanol, Isopropyl alcohol, 2-
butoxyethanol 
Decrease surface tension to 
allow water recovery 
 
In order to obtain the gas, most of the water injected into the well during the fracturing 
process must first be recovered.  This water is called flowback wastewater and is returned early 
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in the life of a well. Because this flowback water has been in contact with the shale, it is 
contaminated with brines composed of varying high concentrations of sodium (50-40000 ppm), 
chloride (5000-80000 ppm), barium (50-9000 ppm), strontium (50-6000 ppm), magnesium (50-
2000 ppm), calcium (500-12000 ppm), iron (50-160 ppm), manganese (5-7 ppm), sulphate (10-
400 ppm), silica (50-300 ppm). In addition to total dissolved solids (1000-150000 ppm), toxic 
inorganic constituents such as arsenic and selenium, radionuclides, organics and other noxious 
inorganic constituents have been reported[2, 3-9]. Flow back water is many times more saline 
than seawater. Seawater salinity averages to 35 g/L in most marine areas and it is the total 
dissolved salts in water with sodium and chloride constituting the highest proportion (85.6 %) as 
shown in Table 1.2 [10-11].  
 
Table 1.2. Chemical Composition of Seawater and Flowback Water Compared [10-11]. 
 
Chemical ion 
contributing  to 
seawater 
salinity 
Average 
concentration 
in seawater 
(ppm) 
Proportion of 
total salinity 
(%) 
Chemical species 
in Flowback 
water (ppm) 
Chloride 19345 55.03 50000 - 80000 
Sodium 10752 35.59 50 – 40000 
Sulfate 2701 7.68 10 - 400 
Magnesium 1295 3.68 50 - 2000 
Calcium 416 1.18 500 - 12000 
Potassium 390 1.11 - 
Bicarbonate 145 0.41 - 
Bromide 66 0.19 - 
Borate 27 0.08 - 
Strontium 13 0.04 - 
Fluoride 1 0.003 - 
Other < 1 < 0.001 - 
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Arsenic and selenium are two toxic elements that can be leached from the Marcellus 
shale by the highly saline wastewaters produced during the process, yet their accurate 
quantitation in such complex saline media at the ppb level has not been explored. Dilution to 
minimize matrix effects on the analysis would not be a good option in the quantitation of low 
levels of arsenic and selenium in this highly salty solutions because it would require methods 
with exceptionally low detection limits to yield accurate results. Thus, inexpensive, simple and 
interference-free methods for the sub-ppb to ppb quantification of both inorganic and 
bioavailable arsenic and selenium in the highly saline/flowback wastewaters are needed to meet 
the EPA regulatory requirements for aquatic ecosystems. 
Although current the disposal practice for flowback wastewater utilizes waste treatment 
plants, the effectiveness for removal of arsenic and selenium is not clear. Successful removal of 
salts and other dissolved solids is not usually achieved and numerous reports of high salinity in 
some Appalachian rivers have been attributed to disposal of Marcellus shale brines [1].  
1.3 USEPA Arsenic and selenium regulatory limits in waters 
The United States Environment Protection Agency (USEPA) has set the Maximum 
Contaminant Level (MCL) for arsenic at 10 ppb. The MCL is the highest level of a contaminant 
that is allowed in drinking water. The Criterion Continuous Concentration (CCC) is an estimate 
of the highest concentration of a material in surface water to which an aquatic community can be 
exposed indefinitely without resulting in an unacceptable effect, and the CCC for arsenic is 150 
ppb [12-13]. Long-term exposure to arsenic above ppb can cause adverse health effects such as 
cancer of the bladder, prostate, lungs, skin, kidney,  liver, and nasal passages, and other non-
cancer effects such as thickening and discoloration of the skin, stomach pain, nausea, vomiting, 
diarrhea, numbness in hands and feet, partial paralysis and blindness [12-14].  
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The USEPA’s MCL and CCC for selenium have been set to 50 ppb and 5 ppb, 
respectively [12-14]. Although selenium is an essential trace nutrient for proper functioning of 
selenoproteins in antioxidant enzymes and mercury removal from the body, long-term intake of 
too much selenium causes health effects symptomized by arthritis, brittle nails, bad breath, hair 
loss, irritability, tooth loss, jaundice, liver and kidney problems [15]. Selenium has also been 
reported to cause birth defects in aquatic nesting birds [16] and decimating lake fish species at 
concentrations as low as 10 ppb [17-18]. 
1.4 Arsenic and selenium speciation and toxicity 
 
The toxic forms of arsenic and selenium are of paramount importance when considering 
water quality monitoring for ecosystem protection. Their toxicological effects are largely 
dependent on their bioavailability and abundance. Bioavailability is defined as the ability of a 
chemical species (free-metal ions or labile complexes) to bind to or traverse the cell surface of an 
organism [19]. It depends on the exact arsenic and selenium chemical form, or speciation in the 
ecosystem. On the other hand, speciation is influenced by reactions such as oxidation, reduction, 
methylation, chemical adsorption, decomposition and/or desorption, which affect bioavailability, 
transport, solubility, reactivity and toxicity of arsenic and selenium. In general, speciation can 
refer to either different oxidation states or “free” versus complexed species. Total dissolved 
arsenic and selenium concentration is directly or indirectly indicative of toxicity as only the 
bioavailable fraction contributes to toxicity. Inert complexes and other constituents of the 
dissolved fractions such as colloidal matter and are not bioavailable and do not have 
toxicological effects [19]. 
Arsenic occurs in various oxidation states (-III, 0, III and V) in natural waters, but the 
most common oxidation states are III and V [20].  Selenium also occurs in various oxidation 
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states (-II, 0, IV and VI), with the most common being IV and VI [21].  The most important and 
abundant species of arsenic are arsenite (AsO33-) and arsenate (AsO43-), whereas for selenium 
they are selenite (SeO32-) and selenate (AsO42-). Methylated arsenic compounds such as 
monomethylarsonic acid and dimethylarsinic acid are referred to as organic arsenic, and 
methylated selenium compounds such as selenocystine and trimethylselenonium are known as 
organic selenium [22]. Both organic arsenic and organic selenium compound scan be produced 
by biological reactions and their concentrations in natural waters are always lower compared to 
the inorganic arsenic and selenium species [20]. 
 
1.4.1 Effect of pH and reduction potential 
Arsenic and selenium speciation depend on their physical and chemical properties such as 
oxidation state and size as well as a multitude of physico-chemical variables, which include pH, 
ionic strength and dissolved oxygen [23]. These properties define their interactions with the 
physical environment while the physico-chemical variables control complex equilibrium 
reactions that influence speciation in natural waters. 
Variations in pH in natural waters can affect the speciation of arsenic and selenium 
species by influencing the stability of their complexes. When the anion of a typically stable 
complex is the conjugate base of a weak acid, a decrease in pH can cause the dissociation of the 
complex into the anion base and free metal ion, hence increasing the concentration of free metal 
ions or labile complex species in solution [23-24]. Figures 1.3 and 1.4 show the different 
predominant species of arsenic and selenium in water at various pHs.  Reduction potential in 
conjunction with pH are two key factors that control arsenic and selenium speciation. Simplified 
arsenic-water and selenium-water system Pourbaix diagrams showing the major 
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thermodynamically stable species as a function of pH and reduction potential are shown in 
Figures 1.5 and 1.6, respectively. However, it should be pointed out that not all these conversions 
readily occur in the environment due to the lack of thermodynamic equilibrium in ambient 
systems and speciation may not be accurately predicted by only pH and reduction potential. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1.3. (a) Arsenite  (b) Arsenate speciation as a function of pH at ionic strength of     
0.01 M. Reduction potentials chosen to allow one oxidation state predominate the  
      speciation [20]. 
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Figure 1.4. Species distribution diagrams for selenic acid (selenate), selenous acid  
(selenite), in the pH range from 0 to 14 [25-26]. 
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Figure 1.5. Eh-pH diagram for aqueous arsenic species in the system As-O2-H2O at 25 ºC  
and 1 bar pressure [20]. 
 
 
 
Figure 1.6. Predominance areas for selenium species in a pH-pe diagram [21, 26]. 
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1.5 Quantitation of arsenic and selenium in high-salinity matrices 
 
Methods for quantifying arsenic and selenium in high-salinity waters have been reported. 
For arsenic determination, electrothermal vaporization inductively coupled plasma mass 
spectrometry (ETV-ICP-MS) [27], inductively coupled plasma optical emission spectrometry 
(ICP-OES) [28], atomic fluorescence spectrometry (AFS) [29-30], adsorptive and anodic 
stripping voltammetry [31-33], hydride generation ICPMS (HG-ICP-MS) [34], neutron 
activation analysis (NAA) [35-37] have been reported. Whereas for selenium, HPLC-ICP-MS 
[38-39], anodic stripping voltammetry (ASV)/ICP-AES/ICP-MS [40] and cathodic stripping 
voltammetry (CSV) [41-43] have all been used for selenium measurement.  However, these 
methods have drawbacks as some are quite expensive, slow or have interferences. 
HGAAS and HG-AFS utilize the reaction of sodium borohydride with reduced arsenic 
and selenium species (arsenite and selenite) to produce volatile hydrides which are argon-purged 
from solution and detected spectrophotometrically [44]. While these methods can produce very 
low detection limits, they are prone to severe matrix interferences stemming from highly saline 
media [34]. The complexity of the sample matrix alters the efficiency of the reduction 
mechanism or the hydride generation reaction. In addition, the interferences from transition 
metals, dissolved organic carbon, and salinity have been reported, and cause significant biases in 
accuracy and precision especially at trace levels [45-46]. For instance, thiourea, L-cysteine and 
potassium iodide-ascorbic acid have been reported to act as masking agents to suppress the 
interference due to very high iron concentrations (up to 2500 mgFe/L) in samples [46].  
However, use of potassium iodide also causes a number of side reactions and there is general 
lack of control over it’s secondary reducing abilities [47].  In addition, dissolved organic matter is 
known to affect the determination of Se(IV) by HG-AAS, by suspected direct interactions with 
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the selenite ion[45], and optimization is not easily achievable because various parameters affect 
the efficiency of formation of gaseous hydrides such as concentration of sodium borohydride, 
concentration of acid media, mixing rate of the reagents and sample, composition of sparging 
gas, rate of sparging gas, interfering metals and chemical correction, and the valence state of the 
analyte [As (III) versus As(V) and Se (IV) versus Se(VI)]. 
Trace determination of arsenic and selenium in saline samples by ICP-MS is rendered 
inaccurate by the low analyte concentrations found.  Matrix effects that lead to formation of 
polyatomic species in the argon plasma that interfere or match with the Se or As signals, such 
as 40Ar35Cl+, 40Ar19F16O+, 40Ca35Cl+ for arsenic (75As),  40Ar38Ar+, 38Ar40Ca+ for selenium 
(78Se),  40Ar40Ar+, 32S16O3+, 40Ar40Ca+ for selenium (80Se) and 81Br1H+, 34S16O3+ for selenium 
(82Se) and many others [40, 44, 47-48].  An ICP-DRC-MS, employing an ICP-MS equipped with 
dynamic reaction cell (DRC) technology, can be used to remove polyatomic (isobaric) 
interferences. A DRC involves a quadrupole enclosed within a reaction chamber that is between 
the ion lens system and the analyzing quadrupole. When a reactive gas such as NH3 or methane 
is introduced into the cell reaction with the ion beam ensues through a multitude of ion-molecule 
reaction mechanisms, converting the interfering ions into species that do not interfere with the 
analyte [45, 48-49]. The analyte of interest remains stable under the same conditions and 
proceeds to the detector. This method provides interference elimination, ruggedness and 
robustness for accurate total arsenic and selenium analysis in complex saline matrices and lowers 
the detection limits by eliminating false positives. However, the technology is expensive, 
requires a high level of technical sophistication and is not readily available in many analytical 
labs. 
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Both anodic and cathodic stripping methods using different working electrodes such as 
mercury drop electrode, mercury film electrode, gold film electrode or solid gold electrode, have 
been used to quantify arsenic [33, 43, 50-53] and, to a less extent, selenium in mildy saline 
samples, but the saline matrices do impact heavily the quality of results [54-60]. Square wave 
anodic stripping voltammetry, in which during the stripping step the potential is applied in small 
incremental pulses generating a stair case wave form, will be employed because it enables 
effective resolution of the faradaic current from the charging or nonfaradaic (background) 
current.  
Chronopotentiometry is another electroanalytical method that has been applied to 
minimize matrix interferences in both arsenic and selenium quantitation. It involves the 
measurement of the electrode potential (E) during an electrode process occurring at constant 
current. E sharply changes as the analyte concentration at the electrode surface drops to zero and 
the duration over which that occurs, called the transition time, is used to obtain information 
about the analyte concentration [61-66]. In stripping chronopotentiometry (SCP), the 
preconcentration step is electrochemical reduction similar to the one used in voltammetry 
procedures, but stripping is performed by the application of a constant current instead of 
potential sweeping [64-67]. When the E change in the working electrode is measured as a 
function of time, the analyte determination is not based on current measurement, and this 
eliminates measurement errors caused by liquid resistance between the electrode and the 
potential drop over the electrical double layer around the electrode, thus eliminating matrix 
interferences due to adsorbed organic matter that significantly compromise current 
measurements in the case of ASV or CSV measurements [67-72]. It has also been reported that 
chronopotentiometry enables working with non-deoxygenated samples provided the current 
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generated by chemical oxidation is negligible compared to the imposed stripping current, and it 
is more rugged to chemical equilibrium and pH changes induced in the media [70-71].  
Cyclic reciprocal derivative chronopotentiometry, also called galvanostatic stripping 
chronopotentiometry was developed recently, and involves the measurement of the dependence 
of dt/dE versus E to generate analytical signals or peaks similar to voltammetric peaks for 
stripping processes [63-64, 72-74].  
Chronopotentiometric stripping analysis has been applied in flow-through systems [75-
76], but not on high salinity waters as intended in this study. In addition, ultra-trace accurate 
determination of inorganic Se(IV) concentrations in aqueous samples at sub-ppb levels without 
signal calibration was reported using stripping methods employing a gold working electrode 
together with a high-efficiency flow-through cell [60], however, this method is also susceptible 
to matrix interferences in saline waters. 
A method that achieves separation and reduction of arsenic in a single process called 
‘reductillation’ was also reported [61]. In this method, arsenic trichloride (boiling point, 
130.2 °C) was distilled from a copper (I) chloride solution in concentrated hydrochloric acid 
using a special glass apparatus and the volatilized arsenic trichloride and HCl were collected in 
deionized water and analyzed for arsenic by anodic stripping voltammetry employing a gold 
working electrode [61]. This method was previously applied to quantitation of arsenic to 
eliminate matrix interferences and had a detection limit of 10 µg/L,  but not to the same type of 
highly saline water samples such as flowback water, and sample throughput was low [61]. 
Ultra-trace determination of total selenium concentrations in highly saline aqueous 
samples has also been reported involving reduction of selenium (VI) to selenium (IV) and 
subsequent application of stripping methods a gold wire working electrode in conjunction with a 
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high-efficiency flow-through cell. This method has been previously applied without signal 
calibration in the quantitation of Se(IV) with minimal interferences at gold wire electrode with 
minimum quantitation limit of 16 µg/L [60], but not on highly saline waters like flowback water.  
Various other techniques using arsenic and selenium separation and preconcentration 
methods have been developed and reported to eliminate matrix interferences and improve 
sensitivity and accuracy for trace determinations. Some of these include ultrasonic extraction-
HGAAS [77-78], thiol cotton fiber (TCF)-GFAAS [79-80], TCF-HGAAS [81], TCF-NAA [82], 
active carbon-GFAAS [83] and solvent extraction-GFAAS [84]. The TCF was originally 
developed for preconcentration of mercury, but has since been used to separate and 
preconcentrate many different elements [82].  The TCF preconcentrates Se(IV) and other 
elements in low oxidation state from HCl and the preconcentrated elements are analyzed by 
various methods, after digestion of the TCF with concentrated nitric and hydrofluoric acids [79-
82]. 
1.6 Diffusive Gradient in Thin Films Technique (DGT) principles 
 
DGT was developed by Davison and Zhang at Lancaster University in 1993 and employs 
simple probes that accumulate dissolved ions over a period of time while deployed in solution 
[85-86]. Figure 1.7 is a photograph and a schematic of an assembled DGT probe.  In situ 
concentration at the time of deployment is determined by conventional analytical methods such 
as GFAAS or ICP-MS. DGT has been used to quantify trace metal, phosphate, sulfide and 
radionuclides in fresh water and seawater [86]. 
Different binding agents with different selectivity for different analytes can be used such 
as chelex resin for trace metals [85-86], iron oxide for arsenic and phosphate [87], metsorb for 
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arsenic and selenium [88], ammonium molybdophosphate(AMP) for radioactive cesium, silver 
iodide sulfide [85] and 3-mercaptopropyl silica gel for arsenic (III) [88]. The DGT probe 
accumulates the analyte in a binding gel after passage through a diffusive gel, which acts as a 
well-defined diffusion layer as shown in Figure 1.8.  The binding agent that is selective for 
analyte ions embedded in the binding gel which is separated from solution by an ion-permeable 
diffusive gel of thickness, Δg and filter paper as shown in Figures 1.8 and 1.9.  
 
 
 
Figure 1.7. An assembled DGT probe [85]. 
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Figure 1.8 Schematic of a DGT probe assembly [89].  
 
 
Figure 1.9. Concentration profile of ionic species in a DGT device in contact with 
           aqueous solution at steady state [86]. 
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Transport of ions to the diffusive gel by molecular diffusion gives rise to a diffusive 
boundary layer (DBL) of thickness δ, which is dependent on bulk solution or water movement 
and/or agitation.  After a few minutes submerging the DGT probe in the bulk solution, a steady 
state linear concentration gradient is established, which the DGT technique exploits to measure 
accurate in situ analyte concentration in the bulk solution. The flux J (molcm-3s-1) of an analyte 
ion through the gel is given by Fick’s first law of diffusion:  Flux, J = −D ∂C
∂x
= D(Cb−C,)(∆g+δ) ≈ DCb∆g                                                              (1.1) 
Where D is the diffusion coefficient (cm2s-1), 𝜕C/𝜕x (mol/cm) is the concentration 
gradient. Zhang and Davison (1995) [86] determined that the diffusion coefficient of analyte ions 
in the diffusive gel is the same as in water, within limits of experimental error. This simplifies 
the equation, where Cb (molcm-3) is the bulk analyte ion concentration and C’ is its concentration 
at the boundary between the binding gel and the diffusive gel. When the free analyte ions 
establish rapid equilibrium with the binding agent with a high binding constant, C’ is effectively 
zero provided the binding gel is not saturated. In well-stirred or agitated solutions, the boundary 
layer thickness δ (cm) is negligible in comparison to the thickness of the diffusive layer g (cm). 
Thus, the flux equation then becomes as shown in Eq. 1.1. 
DGT probes are deployed for a fixed time, t (s) after which, the binding layer is removed 
and the mass of the accumulated analyte ion is quantified by immersion in an eluting medium of 
known volume, Ve, (mL) of 1 or 2 M nitric acid or sodium hydroxide. The analyte ions are 
quantitatively eluted from the binding gel.  The concentration of the analyte ions in the eluent, Ce 
is then determined by a variety of analytical techniques after appropriate dilution. However, in 
batch mode elution, only a fraction of bound analyte ions are eluted from the gel. The ratio of the 
eluted to bound analyte ion concentration is referred to as the elution factor, fe, which varies 
19 
 
from analyte to analyte depending on the affinity of the biding gel for the analyte or competing 
ionic interferences.  
Considering the elution factor, the accumulated mass (M) of the analyte ions in the 
binding gel is calculated from the Eq. 1.2: M = Ce(Vg+Ve)
fe
                 (1.2) 
Where, Vg is the volume of the gel in the binding layer.  
M can also be used to calculate the flux through the known area of the exposed diffusive layer, A 
(cm2) using Eq. 1.3: J =  M
At
                                                                                                                                   (1.3) 
Combining Eqs. 1.1 and 1.3 yields equation 1.4, from which the concentration of the 
analyte ions in the bulk solution is calculated from known values of D, Δg, A, t and M.  CDGT = M∆gDtA               (1.4) 
The bulk solution concentration is proportional to measured mass and depends on the values of 
Δg and A which are constant geometric parameters, and the diffusion coefficient in the diffusive 
gel.  
Diffusion coefficients are temperature-dependent due to fluctuations in water viscosity 
and density with temperature, and can be corrected for temperatures other than 25 °C, in field 
deployments where temperatures cannot easily be controlled as in the lab, using Eq. 1.5 [86]: LogDT = 1.37023(T−25)+8.36 x 10−4(T−25)2109+T + log D25(273+T)298              (1.5) 
The concentration of other components in mildly salty solutions does not affect the 
analyte ion concentration determined by DGT and therefore periodic or individual calibrations in 
different mildly salty media is unnecessary.  
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When a filter is employed to separate the diffusive gel from bulk solution, it provides 
some protection and allows free diffusion of analyte ions with diffusion coefficients close to 
those of the analyte in water. With effective stirring or solution mixing, the DBL in solution 
adjacent to the filter is negligible and Eq. 4 can be applied. However, when DBL is not 
negligible and the diffusion coefficients in the diffusive gel (Dg), filter (Df) and water (Dw) are 
all different, Eq. 1.6 applies: 
1
M
= 1
CDGTAt
�
∆g
Dg
+ ∆f
Df
+ δ
Dw
�              (1.6) 
Where Δg and Δf are the thicknesses of the diffusive gel and filter, respectively. The DBL is 
significant in stirred solutions at low speeds and can be determined by deploying DGT devices 
with different diffusive gel thicknesses (Δg) [89-91]. The DBL thickness, δ, can then be derived 
from the intercept (b) divided by the slope (m) of  a plot of 1/M versus Δg according to Eq. 1.7: 
1
M
= ∆g
CDGTAt
+ δ
CDGTAt
= 1
CDGTAt
�
∆g
Dg
+ ∆f
Df
+ δ
Dw
�           (1.7) 
 From which equation 1.7, 
δ = b
m
  , DDGT = � 1mDAt�          (1.8) 
However, with sufficient stirring of the solutions in which DGT probes are deployed, the DBL is 
greatly minimized. In that case the diffusion coefficient is calculated from the Eq. 1.9: 
𝐷 = 𝛼∆𝑔
𝐶𝐷𝐺𝑇𝐴
     (1.9) 
Where α is the slope of the linear regression of the mass of analyte, M (ng), accumulated in the 
binding gel over time, t (s), and Δg, D and A are the thickness of the diffusive gel (0.08 cm), 
diffusion coefficient in gel in cm2s-1and area in cm2(3.14 cm2), respectively [90-92]. 
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Chapter Two 
Total Arsenic and Selenium Analysis in Marcellus Shale, High-Salinity Water and 
Hydrofracture Flowback Wastewater 
1. Introduction 
 
 As discussed in Chapter 1 section 1.2, the concentrations of different chemicals may vary 
in flowback water from different areas and shales, due to different chemical additives used in 
hydraulic fracturing, and  fracturing water contact with the shale yielding flowback wastewaters 
of various high ionic strengths [1-9]. 
 Most analytical techniques used for trace arsenic and selenium analysis have 
interferences, especially in highly saline water, which can often significantly bias results. 
Therefore, accurate and precise determination of arsenic and selenium in such high-salinity 
waters is important for regulatory environmental monitoring. It is also important to quantify 
arsenic and selenium concentration in the Marcellus shales being used for natural gas exploration 
to give insights about the possibility of leaching of these toxic elements from the shale into the 
flowback water. 
 Various methods have been reported for overcoming matrix interferences in arsenic and 
selenium analysis. These methods include anodic stripping voltammetry in conjunction with a 
flow-through cell [10] inductively-coupled plasma dynamic reaction cell mass spectrometry [11-
14] TCF-graphite furnace atomic absorption spectroscopy [15-19] as well as other atomic 
spectroscopic techniques  involving use of preconcentrating agents such as activated carbon [20]                                                                                                                                            
cetyltrimethylammonium (CTAB) bromide modified alkylsilica sorbent m[21] and lanthum 
hydroxide coated on cellulose fiber [22] and electrochemical based methods such as anodic 
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stripping chronopotentiometry [23-27]. In this study, a modified TCF-GFAAS technique was 
employed to quantify arsenic and selenium in Marcellus shale, HSW and WRF6 because it is less 
expensive and enables very good matrix interference removal from the analytes. 
2.2 Experimental 
 
 All solutions were prepared from ACS reagent grade chemicals using ultrapure d.i. water 
(18.0 mΩ). Trace metal grade nitric acid, Optima hydrochloric acid, and trace metal grade 
hydrofluoric acid (Fisher Scientific) were used for preparation of acid solutions. Arsenic and 
selenium solutions were prepared from 1000 ppm Spex Certiprep Assurance grade standard 
solutions. All glassware and polyethylene bottles were washed and left overnight in 5 % nitric 
acid, and rinsed with ultrapure water before use. The Marcellus shale samples were obtained 
from the WV Economic and Geological Survey and ground to ≤ 60 micron size. Field-collected 
flowback wastewater (WRF6) was provided by the WVU Water Research Institute, who also 
provided the analysis as follows: chloride (150,000 mg/L), TDS (187,000 mg/L), calcium 
(21,000 mg/L), barium (2,290 mg/L), magnesium (2,120 mg/L), iron (64 mg/L), potassium 
(1,180 mg/L), sodium (4,270 mg/L), and strontium (5,060 mg/L). 
2.2.1 Preparation of TCF 
 
 The TCF was prepared by adding commercial cotton (10 g) to a mixture of 53 mL of 
thioglycollic (mercaptoacetic) acid, 35 mL of acetic anhydride, 16.5 mL of acetic acid and 0.15 
mL of concentrated sulphuric acid followed by heating for five days in a water bath at 40 °C with 
daily stirring following the preparation method described by Xiao-Quan and Kai-Jing [25]. The 
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solution containing the TCF was vacuum-filtered, rinsed with d.i. water, and dried at room 
temperature for two days and before being ground into a powder.  
2.2.2 High-salinity water  
 
 High-salinity water (HSW) samples (1.0 x 105 ppm NaCl) were prepared in triplicate 
using sodium chloride and a 3% solution of trace metal grade nitric acid. Samples were spiked 
with either 1 or 100 ppm standard arsenic solutions to obtain 100-mL volume with arsenic 
concentrations of 0, 5, 10, 20, 50 and 100 ppb. The pH of the HSW was 6.8 and all solutions 
were stored at 4 ◦C. 
2.2.3 Flowback wastewater  
 
 Triplicate samples of field-collected flowback wastewater (WRF6) from an actual gas 
drilling operation were spiked with arsenic to obtain arsenic concentrations of 0, 5, 10, 50 and 
100 ppb.  The pH of this wastewater was 6.7 and all solutions were stored at 4 °C. 
2.2.4 GFAAS 
 
 The arsenic and selenium concentrations were measured using GFAAS (Varian SpectraA 
Model 55B, GTA 101 with autosampler) with deuterium lamp correction at 193.7 and 196.0 nm, 
respectively. A 6000 ppm palladium nitrate modifier (Sigma Aldrich) was used for selenium, 
while 3 µL of 50 ppm nickel solution prepared from nickel nitrate hexahydrate (Fisher) was used 
as modifier for arsenic quantitation. 
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2.2.5 Microwave digestion 
 
 Samples of Marcellus shale (0.25g, n=3) were weighed and transferred into acid-washed 
microwave digestion vessels. Trace metal grade concentrated nitric acid (4.0 mL) and 0.5 mL of 
concentrated hydrofluoric acid were added and the vessels were placed into a CEM Corporation 
Mars 5 (Mathews, NC) microwave digester. The digestion was done at 400 W and 700 psi 
pressure, with ramping to a maximum temperature of 190°C over a period 40 minutes followed 
by holding at that temperature for 15 minutes. Samples were cooled to room temperature and 
transferred into a 100 mL volumetric flask and brought to volume with 3% solution of trace 
metal grade HNO3. No solid remained after digestion. These samples were then transferred into 
polyethylene bottles. 
 To assess the recovery of the digestion method, samples (0.25g, n =3) were spiked with 
22 µg arsenic and 0.75 µg selenium. The same reagents and amounts were added and the 
digestion procedure was done simultaneously with the unspiked replicates under the same 
microwave digestion conditions above. The resultant solution was diluted to 100 mL using a 3% 
solution of trace metal grade HNO3. The samples were analyzed by GFAAS. 
2.2.6   TCF sample treatment 
  
 A flow diagram for analyte isolation on TCF is shown in Figure 2.1. The powdered TCF 
(120 mg) was placed into a polypropylene column with a tapered end (inner diameter of 1.5 cm 
at one end and 1 mm at the tip, and height 12 cm), rinsed twice with either 2.5 mL of 2.5 or 0.8 
M HCl for arsenic and selenium quantitation, respectively.  
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Figure 2.1. Flow diagram for analyte isolation on TCF. 
 
 A 20-mL aliquot of the microwave digested shale sample solution was then placed on the 
TCF column. For the spiked WRF6 and HSW samples, a similar treatment was done on TCF. 
For 5 and 10 ppb spikes, all of the 25 mL aliquot was used, whereas for the 50 and 100 ppb 
spikes, 10 and 5 mL were used, respectively. 
 The TCF containing the analyte from the microwave digests, HSW, or WRF6 was 
transferred into a small test tube and 1 mL of trace metal grade concentrated nitric acid added to 
destroy the TCF. After 15 minutes, the dissolved TCF and rinses were transferred into a 10 mL 
volumetric flask. The samples were centrifuged at 3400 rpm (Centrific Model 228, Fisher 
Scientific) for 5 minutes prior to the analysis. After centrifugation, a clear solution containing the 
analyte was the decanted. A small amount of solid that remained was dissolved by adding 0.4 
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mL of trace metal grade concentrated nitric acid, and quantitatively transferred to the decanted 
clear solution of the analyte, and diluted to final volume. 
2.3 Results and Discussion   
2.3.1 Method validation 
 
 The values determined for total arsenic and selenium concentrations in SGR-1b were 69 
± 3 µg/g and 4.0 ± 0.3 µg/g, respectively. These values compare well with the certified values of 
67 µg/g arsenic and 3.5 µg/g selenium in the SGR-1b reference shale. The percentage recoveries 
for arsenic and selenium spiked shale were 98 ± 5 and 97 ± 6 %, respectively. 
2.3.2 Microwave digestion of Marcellus shale samples  
 
 The determination of arsenic without TCF treatment gave low results with percent 
recoveries ranging from 89 ± 8 to 92 ± 6. No reliable selenium results were measured without 
TCF treatment because of the high % RSD (40-100) obtained. This is attributed to the smaller 
selenium concentrations in these samples and the matrix interferences that suppress the GFAAS 
signal.  
2.3.3. TCF sample treatment 
 
 The arsenic and selenium concentrations obtained from the microwave digested- TCF 
treated shales (Gilmer 1978, Boone 598 and Wet 465)  as well as the recoveries from the spiked 
samples are shown in Table 2.1. The TCF treatment eliminates the matrix interferences giving 
better accuracy and higher recoveries. This TCF procedure coupled with centrifugation provided 
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arsenic and selenium recoveries of over 90 % in the Marcellus shale samples at flow rates of 2 
and 5 mL/minute for arsenic and selenium, respectively. These flow rates are similar to those 
suggested by Yu et. al [19].  Flow rate was determined by dividing the volume of the sample 
passed through the TCF column by the total time it took the entire sample to flow through the 
column (contact or exposure time). For small volumes, the sample was retained on the TCF for a 
reasonable amount of time before flow was initiated to reach a maximum of one hour contact 
time. Flow rate was controlled by adjusting the vacuum connected to the column.  
Table 2.1.  Arsenic and selenium concentrations obtained from  0.25 g of Marcellus shale      
with TCF treatment. 
 
 
 
Sample 
 
[As] with TCF 
(5 mL/min) 
[Se] with TCF 
(2 mL/min) 
µg/g Percent 
Recovery 
µg/g Percent 
Recovery 
Gilmer 1978 153 ± 4  
99 ± 6 
3.9 ± 0.4  
97 ± 6 Gilmer 1978 spike 238 ± 3 6.7 ± 0.5 
Boone 598 139 ± 4  
105± 6 
4.2 ± 0.2  
97 ± 5 Boone 598 Spike 239 ± 3 7.0 ± 0.3 
Wet 465 154 ± 5  
97 ± 7 
N.D  
90 ± 4 Wet 645 spike 235 ± 3 2.8 ± 0.4 
  
2.4 Matrix interferences from high salt concentrations and atomization profiles 
There are several types of interferences associated with graphite furnace atomic 
absorption spectroscopy that are classified into three major categories: spectral, matrix and 
memory. An atomic absorption spectrometer has the capability to graphically display absorbance 
versus time and can be used to evaluate interferences. 
Spectral interference arises due to absorption of light by an element or molecule that is 
not the analyte of interest or from black body radiation. However, in GF-AAS spectral 
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interference caused by another element is rare due the narrow atomic line widths emitted by 
source lamps and the narrow absorption profiles of atoms. Molecular species, however, can 
produce broadband absorption profiles. The use of matrix modifiers, optimized furnace 
temperature programs and Zeeman effect and deuterium lamp background correction are 
common practices used to minimize the effect of this nonspecific absorption. In addition, black 
body emission from the hot graphite tube can also produce spectral interferences.  Maintaining 
proper furnace alignment and not using atomization temperatures higher than what is necessary 
to volatilize the analyte can minimize this type of interference [28]. 
Matrix interferences are caused by a myriad of matrix components in the analytical 
portion that suppress the formation of free analyte atoms during the furnace program's 
atomization step.  Other matrix components may also contribute to pre-atomization volatilization 
of analyte. The use of graphite tube platform atomization provides good analyte confinement and 
a more constant temperature environment for volatilization of analyte and atomization of free 
analyte atoms, which somewhat contributes to minimizing matrix interferences in mildly salty 
matrices [28]. 
However, matrix interference was still an analytical challenge to overcome in both 
undiluted and 5x diluted highly salty flowback water without using TCF even with these aids for 
reducing interferences for GFAAS for arsenic and selenium quantitation as shown in Figure 2.2 
A,B,C and D, and Figure 2.3 A,B,C and D, respectively. Dilution and standard addition did not 
eliminate the matrix interferences totally and yielded analyte concentrations close to the 
instrument’s detection limit. 
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Figure 2.2. Atomization profiles and matrix interference manifestations for arsenic. A. Analyte 
signal graphics after isolation and preconcentration from matrix using TCF and centrifugation. B. 
After 5x dilution without TCF. C. Without dilution and TCF. D. Reagent blank. 
 
       
 
 
 
A 
B 
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Figure 2.3. Atomization profiles and matrix interference manifestations for selenium. A. Analyte 
signal graphics after isolation and preconcentration from matrix using TCF and centrifugation. B. 
After 5x dilution without TCF. C. Without dilution and TCF. D. Reagent blank. 
High matrix interefence  yielded irregular peak profiles with broadened peaks (low peak 
height to peak area ratio) doubled or multiple analyte peaks or a peak's appearance time shifted 
from expected (Figures 2.2 and 2.3 B and C). Peak profile (shape of absorbance vs. time graph) 
is used to evaluate the quality of the analyte atomization. The profiles of the standard solutions 
A 
B 
C 
D 
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or good peaks without any matrix interference should be very close to the manufacturer's 
example of an ideal peak for the particular instrument/graphite tube/furnace/element 
combination. The ratio of peak height to area (H/A) provides for an objective way to 
qualitatively evaluate peak profiles.  Narrow peaks with a larger H/A were observed with use of 
use of TCF in conjunction with centrigugation as shown in Figures 2.2 and 2.3 A. Wider peaks 
with  smaller H/A and indicating  slow release of analyte were obtained with dilution and no 
dilution without TCF (Figures 2.2 and 2.3 B and C). Matrix suppression is suspected if the H/A 
ratio for an analytical solution is < 80% of the ratio for a standard solution or matrix interference 
free analyte. For sufficiently slow analyte release or atomization  (low H/A), some analyte might 
still be present in the tube after the end of the read step resulting in the peak not returning to 
baseline. A low H/A can also indicate a doubled peak, which is another manifestation of matrix 
interference (Figures 2.2 and 2.3 B and C).  
In addition, in high-salt water samples pre-atomization analyte loss can occur during the 
ashing or char step. This phenomenon causes an analytical result that is negatively biased due to 
low absorbance. This loss also occurred even when using a matrix modifier and a default or 
recommended ashing temperature without using TCF. Pre-atomization loss was shown by an 
absorbance less than zero at the beginning of the read cycle and ending with the peak's tail 
dipping below the baseline.  
Analytes in high concentrations in the sample may not be completely volatilized out of 
the graphite furnace tube. This residual analyte may have what is called a memory effect on the 
next measurements, resulting in positively biased results. In addition, highly salty water samples 
can have a matrix memory effect on the next measurement. Use of a clean-out step of a few 
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seconds after atomization at maximum temperature (2800 ºC) was applied to minimize memory 
effects. 
 The optimum flow rates for analyte isolation on TCF for the HSW and WRF6 solutions 
were achieved by varying the flow rates of spiked samples through the TCF and the data for 
arsenic and selenium recoveries are shown in Figure 2.4 for WRF6. Arsenic is initially removed 
by TCF at a slightly faster rate than selenium at the same flow rates.  
 
Figure 2.4. Analyte recovery from WRF6 versus flow rate (Error bars are 95% C.I). 
              [As] =[Se] = 50 ppb 
 
 The optimum flow rate of the sample through TCF to achieve isolation of arsenic was ≤ 
0.35 mL/min, while that for selenium was ≤ 0.25 mL/min. A flow rate of 0.35 mL/min was used 
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for arsenic yielded results which were statistically equivalent to that of 0.25 mL/min, yet 
provided somewhat shorter analysis times. 
 These samples required much lower flow rates than those reported by others [80-82]. By 
performing GFAAS analysis with and without centrifugation, we determined that centrifugation 
of dissolved TCF solutions containing arsenic or selenium and nitric acid dissolution of the small 
solid material remaining resulted in more accurate GFAAS analysis as well as higher recoveries. 
This is likely attributable to a more uniform sample flow rate in the autosampler of the GFAAS 
which is crucial for accurate and precise microliter injections. 
 The optimum sample flow rate through TCF for arsenic and selenium is dependent on the 
composition and the ionic strength of the sample. This is shown in Table 2.1, where flow rates of 
2 and 5 mL/min for selenium and arsenic were used for Marcellus shales compared to Figure 2.2, 
where flow rates of 0.25 and 0.35 mL/min for selenium and arsenic were used for both WRF6 
and HSW.  
Table 2.2.   Arsenic and selenium recoveries in WRF6 after TCF treatment. 
 
 
Spiked  
[As] = [Se] 
(ppb) 
TCF-GFAAS 
determined 
[As] (ppb) 
Percent 
recovery  
TCF-GFAAS 
determined 
[Se] (ppb) 
Percent 
recovery if 
original  Se is 
considered 
100 94 ± 2 94 ± 2 109 ± 2 99 ± 2 
50 46 ± 4 92 ± 8 57 ± 2 94 ± 4 
10 9 ± 0.5 90 ± 5 19 ± 1  90± 10 
5 3 ± 1 60 ± 20 14.6 ± 1.0 92 ±20 
0 < 1 - 10.0 ± 2.0 - 
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The recoveries obtained for WRF6 are given in Table 2.2 and 2.3.  For the 5 and 10 ppb 
spiked HSW samples, 50 mL of the sample solution was introduced into the column. A sample 
volume of 20 mL was used for the 50 ppb and 100 ppb spikes. 
 
Table 2.3. Arsenic and selenium recoveries in HSW after TCF treatment. 
 
 
Spiked 
[As] = [Se]   
(ppb) 
TCF-GFAAS 
determined 
[As] (ppb) 
Percent 
recovery 
TCF-GFAAS 
determined 
[Se] (ppb) 
Percent 
recovery 
100 93 ± 2 93 ± 2 96 ± 3 96 ± 2 
50 47 ± 3 94 ± 6 48 ± 2 96 ± 4 
20 18 ± 3 90 ± 15 18.7 ± 1.7 94 ± 9 
10 8.5 ± 2 85 ± 20 9.2 ± 1.0 92 ± 10 
5 3.5 ± 1 70 ± 20 4.4 ± 1.0 88 ± 20 
0 < 1 - <  2  - 
 
2.5 Conclusions 
 
The combination of microwave digestion followed by TCF analyte isolation coupled with 
lower flow rates and centrifugation prior to analysis by GFAAS has been applied to the arsenic 
and selenium analysis of several Marcellus shales. The TCF extraction procedure followed by 
GFAAS has also been used for hydrofracture flowback wastewater (WRF6) and highly saline 
water (HSW). Excellent recoveries for arsenic and selenium from shale samples as well as 
WRF6 and HSW were obtained. 
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Chapter Three 
Determination of Arsenic in Marcellus Shale by Microwave Digestion-Graphite  
Furnace Atomic Absorption Spectroscopy: Dual Role of Hydrofluoric Acid 
 
3.1 Introduction 
 
 Aluminum and arsenic coexist in a variety of samples in the environment, but accurate 
and precise arsenic determination by GFAAS in samples with high aluminum content is difficult 
due to molecular absorption of gas phase aluminum (I) oxide interference [1-5].  This broadband 
absorption enhances the arsenic signal which leads to erroneous results. The three resonance 
lines mainly used for arsenic quantitation are 189.0 nm, 193.7 nm and 197.2 nm, and all are 
prone to aluminum interference due to the extensive broadband resonance line of aluminum(I) 
oxide. The 189.0 nm line is the most sensitive of the three.  Non-specific absorption due to light 
scattering and autoionization lines of aluminum at 193.7 and 192.7 nm may also affect arsenic 
signals. Erroneous deuterium background correction for arsenic in the presence of aluminum has 
also been reported [5-10].   
 Accurate and interference-free determination of arsenic in the presence of up to 40 µg of 
aluminum (as aluminum chloride) for 10µL aliquots of sample (0.15M Al3+)  has been reported 
[1]. This was accomplished by the addition of rhodium, citric acid, and 200 µg of ammonium 
fluoride (0.54 M) to the sample prior to GFAAS at 189 nm. The addition of sufficient fluoride to 
the aluminum-rich sample enabled formation of aluminum fluoride which melts at 1291⁰C, 
significantly reducing the spectral interference [1-2].   
45 
 
 A mixture of hydrofluoric and nitric acid, and sometimes in combination with hydrochloric 
acid has been used in the digestion of finely ground siliceous materials such as rocks, slags and 
coal fly- ash [11-12] and plant materials [13].  After sample digestion a variety of different 
interferences were obtained for different analytes, with aluminum being a major common 
interference for arsenic at 189.0 nm in such digested samples. Elimination of the aluminum 
matrix interference through hydride generation atomic absorption is also inaccurate because 
hydride generation efficiency is impaired if more than 1 % hydrofluoric acid is present in the 
mixture [1-2].  
 Our previous work on the GFAAS measurement of arsenic and selenium in Marcellus shale 
relied upon microwave digestion of the shale in the presence of HF [15]. Thiol cotton fiber 
(TCF) was then used to remove arsenic from the sample digest in order to eliminate any matrix 
interferences during the GFAAS measurement. Attempts to secure accurate measurements 
without the use of TCF led to inconsistent results.  
 Nine core samples from the WV Marcellus shale (Monongalia county, depths 7483-7720 ft) 
have been analyzed by the US Geological Survey in 1980 and the average concentration of 
aluminum as Al2O3 was 17% with a range of 11-19% [15].  In light of these concentrations, the 
effect of HF on the GFAAS measurement of arsenic in aqueous aluminum solutions was 
examined. The robustness of the procedure was tested using a US Geological Survey  SGR-1b 
reference shale (6.25% as Al2O3 ) [14-18], WV Marcellus shale (Gilmer 1978) and 0.01 M 
sodium nitrate.  
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3.2. Experimental 
3. 2.1 Reagents 
 
 All standard solutions were prepared from commercial reagents using nanopure deionized 
water (18.0 mΩ). Trace metal grade nitric acid (Fisher Scientific), trace metal grade hydrofluoric 
acid (49-50%) (Fisher Scientific) and ultrapure hydrochloric acid (Optima, Fisher Scientific) 
were used in preparation of dilute acid solutions used. All glassware and polypropylene bottles 
were washed and left overnight in 5 % nitric acid, and rinsed finally with ultrapure water before 
use. The aluminum standards were prepared by diluting a high aluminum standard of 40000 mg 
kg-1 Al (w/v) which was prepared by dissolving aluminum nitrate nonahydrate (Fisher Scientific) 
in 2 % nitric acid. 
3.2.2 Microwave digestion  
 
 Microwave digestion was done using a Mars 5 microwave digester (Matthews, NC) at a 
power of 400 W and 730 psi pressure by ramping to a maximum temperature of 220°C over a 
period 40 minutes, holding for 10 minutes followed by cooling to room temperature. Each 
digested sample was then transferred into a 100 mL volumetric flask and diluted with 3 % nitric 
acid. These solutions were then transferred into polyethylene sample bottles.  
US Geological Survey (USGS) certified reference shale samples (SGR-1b, 67±3 µg 
arsenic/g sample) were weighed (0.25 g, n = 3) and transferred into thoroughly clean digestion 
vessels. Concentrated nitric acid (4.0 mL) and varying amounts of concentrated hydrofluoric acid 
(0.3, 0.5 and 0.8 mL) were added to the sample prior to digestion. Samples of the Marcellus 
shales (0.25 g, n = 3) were digested in a similar manner.  
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To assess the recovery of the digestion method, samples of SGR-1b and Marcellus shale 
were spiked with arsenic and the digestion procedure was done simultaneously with unspiked 
samples. The resultant solutions were diluted to 100 mL using a 3% solution of nitric acid and 
the samples were analyzed by GFAAS as outlined in section 2.3.   
3.2.3 GFAAS 
 
The arsenic concentrations were measured using GFAAS (Varian SpectraA Model 55B, 
GTA 101 with autosampler) with deuterium lamp background correction at 189 nm. A 3 µL 
aliquot of 50 mg kg-1 (w/v) nickel modifier solution prepared from nickel nitrate hexahydrate 
(Fisher Scientific) and 10 µL sample injections were used for arsenic quantitation. The GFAAS 
temperature profile used was drying from 85 - 120 °C 22 seconds, ashing at 1450 °C for 8 
seconds, signal graphics reading and storage at 2600 °C for 2.6 seconds and graphite tube 
cleaning at 2800 °C for 2 seconds. The argon gas flow rate was 3.0 mL min-1 for the entire 
temperature profile but zero signal graphics reading and recording. At the ashing temperature of 
1450 °C (for 8 seconds), atomization temperature of 2600 °C, and graphite tube cleaning 
temperature of 2800 °C, the graphite furnace tube (partition tubes (coated)-GTA by Agilent 
technologies, Germany)  could be used for 350 firings. 
Results and Discussion 
3.3.1 Recovery of arsenic versus aluminum concentration  
  
 To study the effect of hydrofluoric acid on the measurement of arsenic in aluminum-rich 
samples by GFAAS, aqueous solutions with various aluminum concentrations were spiked with 
100 µg L-1 arsenic. Recoveries were determined after addition of 0.30 mL (0.093 M F), 0.50 mL 
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(0.14 M F-) or 0.75 mL (0.21 M F-) of concentrated HF. An aluminum concentration range of 
0.0042-0.053 M was chosen based on the expected concentrations found in Marcellus and SGR-
1b shale. A 0.25 g sample of Marcellus shale with 17 % Al2O3 in 100 mL of solution is 
equivalent to 8.3 x 10-3 M Al3+ or 225 mg kg-1 Al (w/v) and 0.15 g of the 6.52 % Al2O3 in 100 
mL of solution contains 1.9 x 10-3 M Al3+ or 52 mg kg-1 Al (w/v). 
 As shown in Figure 3.1, less than 70% recovery of arsenic was observed for samples 
which contained no HF. The addition of HF gave arsenic recoveries greater than 90 % for 
aluminum concentrations up to 0.053 M Al3+. The highest recovery was obtained with 0.21M HF 
and all recoveries decreased slightly as the concentration of aluminum increased. The recoveries 
also decreased in the more dilute HF solutions. This is likely the result of an insufficient fluoride 
concentration to totally convert the aluminum oxides into volatile aluminum fluorides in the 
furnace during the ash step. These results are consistent with those reported by other s [1].  
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Figure 3.1. Effect of aluminum on arsenic quantitation by GFAAS (Error bars are 95%  
C.I).  Ash temperature 1450 ºC and ash time 8 s. 
3.3.2 Effect of ash temperature and HF concentration 
 
 The optimum temperature for sample ashing during GFAAS of SGR-1b microwave 
digests was determined using different ash temperatures in the heating profile in the graphite 
furnace tube. These measurements (n = 3) were obtained using three different HF concentrations 
during digestion as shown in Figure 3.2.  
A 0.5 mL aliquot of HF (0.14 M HF) and an ash temperature of 1450 ºC gave good 
agreement (68±4 µg/g) with the certified arsenic value for the USGS SGR-1b (67 ± 5µg/g). At 
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volumes less than 0.5 mL HF, incomplete sample dissolution occured. Apparently the 
concentration of HF  was insufficient to dissolve all of silicon oxides in the shale. The aluminum 
is removed from the furnace as volatile AlF3 at 1450 oC, which is above the melting temperature 
of AlF3 (1291 ºC) and close to its boiling point (1537 ºC).  
 
 
Figure 3.2.  Arsenic concentration determined at various ash temperatures  and HF 
concentrations for SGR-1b (Error bars are 95% C.I).  Ash time 8 s (Target value = 67 
±3 µg/g).  
 
The effects of ash temperature and HF concentration on the determination of arsenic in 
Marcellus shale are shown in Figure 3.3. The arsenic concentration measured at 1450 ºC for 
Gilmer 1978 (147±3 µg/g) is in good agreement with that previously determined by the TCF 
method (153±4 µg/g) [15]. 
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Figure 3.3. Concentration at various ash temperatures  for the Marcellus shale (Gilmer 1978) 
at different HF concentrations. Ash time  of 8 s (Error bars are 95% C.I). (Target value = 
153±4 µg/g).     
3.3.3   Effect of ash time at various temperatures 
 
 Ash times were varied at constant ash temperature in order to evaluate whether any 
arsenic is lost during this step. Similarly digested samples of SGR-1b (0.14 M HF) were 
analyzed using three different ash temperatures at different ash times and the results are shown in 
Figure 3.4. When silicon oxide reacts with HF, hexafluorosilicic acids are formed [19]. These 
will likely decompose at high temperature producing the fluoride concentration needed to 
eliminate the aluminium interference. An ash temperature of 1425 ºC yielded high arsenic 
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concentrations at all ash times due to aluminum oxide spectral interference that enhanced the 
arsenic signal. At an ash temperature of 1475 ºC, low arsenic concentrations were obtained for 
all ash times. This is most likely a result of arsenic loss from the graphite furnace tube prior to 
the atomization step at 2600 ºC. An ash time of 8 seconds at an ash temperature of 1450 ºC 
provided an accurate determination (68±5 µg/g) for arsenic; however, the results at 6, 5, and 4 
seconds were very similar at 61±4, 69±4, and 70±4 µg/g, respectively. An ash time of 3 seconds 
at 1450 ºC gave low arsenic (51±6 µg/g) concentration.  
 
Figure 3.4. Arsenic concentrations determined at various ash temperatures and times 
for SGR-1b using 0.14 M HF (Error bars are 95% C.I).              
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3.4 Arsenic concentration in WV Marcellus shale 
 
 The results for the determination of arsenic in WV Marcellus shale samples using the 
optimum conditions from Figure 3.4 are summarized in Table 3.1. All spiked sample recoveries 
were greater than 90 %.  The analysis of  Boone 598 and Wet 465 shale also agree well with the 
values determined by the TCF method (Boone 598, 139±4 µg/g and Wet 465, 154±5 µg/g) [15]. 
Table 3.1. Arsenic concentration and spiked sample recoveries for three WV Marcellus 
shales  (88ug Arsenic spike).  
 
                                                                 
 
Sample 
 
 
Arsenic 
 
µg/g Percent 
recovery 
Gilmer 1978 147 ± 3  
92 ± 3 Gilmer 1978 spike 216 ± 3 
Boone 598 136 ± 4  
94 ± 5 Boone 598 Spike 210 ± 3 
Wet 465 151 ± 3  
91 ± 4 Wet 645 spike 217 ± 2 
 
3.5 Conclusions 
 
 The optimum microwave digestion conditions and temperature profile for GFAAS of 
arsenic in the microwave digest have been determined for WV Marcellus shale. Accurate 
quantitation of arsenic in three Marcellus shales by GFAAS at 189 nm using a nickel modifier 
following microwave digestion in HF has been achieved. When a sufficient amount of 
concentrated HF is added to the sample, complete sample dissolution is attained. The HF also 
serves an additional role by removing the aluminum from the furnace tube during the ash step 
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through formation of volatile aluminum fluoride. This effectively eliminated the spectral 
interferences in GFAAS of arsenic at 189 nm due to the aluminum in the sample matrix.  
 Residual fluoride ion in the digest serves to inhibit the formation of the aluminum oxide 
in the furnace through the formation of volatile aluminum fluoride during the sample ashing step. 
The use of HF together with nitric acid enables accurate and precise determination of mg kg-1 
(w/w) concentrations of arsenic in the complex shale matrix using an ashing temperature of 1450 
⁰C followed by atomization at 2600 ⁰C. The method LOD was 0.11 µg L-1 determined as 3x the 
standard deviation of the blanks and the linear dynamic range was 0 – 65 µg L-1.  
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Chapter Four 
Investigation of Diffusive Gradients in Thin Film Techniques in the Quantitation of 
Arsenic and Selenium Bioavailable Fractions in Hydrofracture Wastewater 
 
 4.1 Introduction  
 
 Arsenic and selenium mobility, bioavailability and toxicity are strongly dependent on the 
sample/environmental matrix and chemical speciation [1]. Complex matrices such as those from 
high salinity solutions might be significant depending on their composition. Thus, accurate 
determination of trace quantities of arsenic and selenium in highly concentrated brines is difficult 
due to a myriad of interferences. Recently, there has been a surge in natural gas exploration from 
the Marcellus shales employing hydraulic fracturing technologies that use high volumes of water 
with different chemicals added and generate millions of gallons of highly saline flowback waste 
water.2  Many flowback wastewaters contain high concentrations of sodium ion (50-40000 ppm) 
and chloride ion (5000-80000 ppm).  In addition, other components such as barium (50-9000 
ppm), strontium (50-6000 ppm), magnesium (50-2000 ppm), calcium (500-12000 ppm), iron 
(50-160 ppm), manganese (5-7 ppm), sulphate (10-400 ppm), silica (50-300 ppm),  total 
dissolved solids (1000-150000 ppm) as well as toxic inorganic constituents such as arsenic and 
selenium, radionuclides, and organics[2]. Field-collected flowback wastewater (WRF6) was 
composed of chloride (150,000 mg/L), TDS (187,000 mg/L), calcium (21,000 mg/L), barium 
(2,290 mg/L), magnesium (2,120 mg/L), iron (64 mg/L), potassium (1,180 mg/L), sodium (4,270 
mg/L), and strontium (5,060 mg/L). Another flowback wastewater (FS) was composed of 
chloride (27500 ppm), TDS (45400 ppm), calcium (2310 ppm), barium (230 ppm), magnesium 
(436 ppm), iron (14.7 ppm), potassium (211 ppm), sodium (15900 ppm), and strontium (657 
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ppm). The Criterion Continuous Concentration (CCC) is an estimate of the highest concentration 
of a material in surface water to which an aquatic community can be exposed indefinitely 
without resulting in an unacceptable effect. The U.S. Environment Protection Agency proposed a 
CCC for arsenic as 150 µg/L and 5 µg/L for selenium [3-4]. These values are based on total 
arsenic and selenium concentrations, but the bioavailable arsenic and selenium concentration 
limits that are ecotoxicologically harmful could even be lower. The bioavailable (“free” plus 
labile) arsenic and selenium concentrations are most important when considering the toxicity to 
aquatic organisms. However, the quantitation of the bioavailable arsenic and selenium in high 
ionic strength water is difficult due to the matrix interferences, which can either suppress or 
enhance the analyte signal.  
 A Diffusive Gradients in Thin Film Technique (DGT) employing a polyacrylamide 
diffusive gel and  different binding agents such as high-capacity nanocrystalline titanium (IV) 
oxide (Metsorb), ferrihydride and 3-propylmercaptosilica gel adsorbents can be used to isolate 
the bioavailable analytes and thereby minimize the matrix effects observed in quantitation by 
graphite furnace atomic absorption spectroscopy (GFAAS) and other analytica techniques. DGT 
is a versatile and robust in situ quantitation method for labile chemical species in a variety of 
samples in the environment such as sediments, soil and water [5-6]. It employs different DGT 
probe designs for different samples, but in all, the labile analyte is allowed to pass through the 
filter paper, diffusive gel and accumulates in the binding gel in the DGT probes [6-7]. The 
analyte in the binding gels is analyzed directly by techniques such as Laser Ablation- Inductively 
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) or Proton Induced X-ray Emission (PIXE). 
Alternatively, the analyte can be quantitatively eluted from the binding gel and the eluate 
analyzed using analytical techniques such as GFAAS, (Atomic Fluorescence Spectroscopy 
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(AFS), Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) and ICP-MS, 
and appropriate DGT equations used to determine the bioavailable analyte concentration [5, 8].  
The phenomenon of dependence of analyte accumulation in the binding layer on both the 
size and lability of eventual complexes was explicitly illustrated by Zhang and Davison [5].  
Consider the equilibrium reaction of analyte ions, Me, and ligands, L, and the complex, MeL: 
Me   +     L                  MeL                               (4.1) 
As Me is continually removed by adsorption to the binding layer, the equilibrium in the 
diffusive layer is perturbed which may promote dissociation of MeL. A schematic representation 
of potential concentration gradients of MeL complexes and the analyte ions is presented in 
Figure 4.1. Case A demonstrates the concentration profiles of the analyte and a completely labile 
complex. The MeL complex dissociates and not only free metal ions but all metal ions originally 
associated with the complex are adsorbed to the binding layer.  
 
Figure 4.1. Schematic representation of the concentration gradients of Me and MeL in the 
diffusive layer showing, A: completely labile complex, B: completely inert complex, and C: 
partially labile complex [5]. 
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In the second case, B, the complex is totally inert and does not dissociate at all within the 
time taken to diffuse through the layer, and so analytes from this complex will not be measured. 
Case C shows the example of a partially labile complex resulting in a decrease in MeL 
concentration closer to the binding surface but not complete removal. This is due to slow 
dissociation of the complex in Eq. 4.1.  Accumulation is controlled by kinetics and the estimated 
concentration becomes dependent on the thickness of the diffusion layer. Thicker diffusion 
layers result in longer times for dissociation. The time taken for a complex to traverse the gel (td) 
can be estimated from Eq. 4.2 if the diffusion coefficient of MeL is known [9]:   td = (∆g)22DMeL                                                                                                                (4.2) 
Lability of complexes can be estimated by simultaneous deployment of DGT devices 
with different diffusive gel thicknesses [9-11]. Scally et. al [12] reported complexed metal ions 
have slower diffusion than the corresponding free metal ion. This was further substantiated by 
Warnken et. al [13] and  Forsberg et. al [14] reported that Ni and especially Cu generally show 
lower DGT concentrations than measurements of dissolved (membrane filtered) and truly 
dissolved (ultrafiltered) fractions, which has been attributed to an effect of organic complexation. 
Therefore, adapting the diffusion coefficients determined for inorganic species to calculate DGT-
concentrations will result in underestimation. Since the same procedure is also used for DBL 
thickness measurements  it is recommended to quantify the DBL using ions that are fully labile 
and not kinetically limited, and it is for these reasons in conjunction with magnetic stirring that 
we assumed DBL was negligible. 
 DGT has been extensively used and characterized for a multitude of analytes such as 
phosphorus, arsenic, selenium, sulfides, mercury, zinc, aluminum, cadmium, copper, lead, 
uranium, tellurium, molybdenum, vanadium, tungsten and antimony [5-10, 15-18].  
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 Different adsorbents such as ferrihydride, chelex, 3-mercaptopropyl-functionalized silica  
and commercially available nanocrystalline titanium dioxide, metsorb, have been used for 
different analytes in both fresh and marine or seawaters due to different affinities of the 
adsorbent for the analyte of interest or adsorbent capacities [19-20]. Metsorb has been reported 
to be a better adsorbent for arsenic and selenium quantitative accumulation due to its highly 
relative tolerance to a wide pH range (3.5–8.5) and wide ionic strength range (0.0001-0.75M 
NaNO3) [17, 20]. Therefore, accurate and precise determination of bioavailable arsenic and 
selenium in high-salinity waters such as flowback waste water using DGT with metsorb 
adsorbent and a the new DGT-Fe-Zr binary oxide adsorbent could be  important for regulatory 
environmental monitoring, in addition to quantifying the total arsenic and selenium. 
4.2 Experimental  
4.2.1 General procedures (Reagents, materials, solutions and GFAAS) 
 
 All reagent solutions were prepared from ACS reagent grade chemicals using ultrapure 
d.i. water (18.0 mΩ). Trace metal grade nitric acid, optima hydrochloric acid, and trace metal 
grade hydrofluoric acid (Fisher Scientific) were used for preparation of acid solutions. Arsenic 
(III &V) and selenium (IV&VI) solutions were prepared from certified high purity stock 1000 
ppm Spex Certiprep Assurance grade standard solutions. All glassware and polyethylene bottles 
were washed and left overnight in 5 % nitric acid, and rinsed with ultrapure water before use.  
Nanocrystalline titanium dioxide, Metsorb (Graver Technologies), 3-mercaptopropyl silica 
functionalized gel (Sigma Aldrich) and iron-zirconium binary oxide were used as the binding 
agents and polyacrylamide (Sigma Aldrich) gel used as the diffusive gel. The Marcellus shale 
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samples were obtained from the WV Economic and Geological Survey and ground to ≤ 60 
micron size. The flowback wastewaters used were WRF6 and FS. 
The arsenic and selenium concentrations were measured using GFAAS (Varian SpectraA 
Model 55B, GTA 101 with autosampler) with deuterium lamp correction at 193.7 and 196.0 nm, 
respectively. A 6000 ppm palladium nitrate modifier (Sigma Aldrich) was used for selenium, 
while 3 µL of 50 ppm nickel solution prepared from nickel nitrate hexahydrate (Fisher 
Scientific) was used as modifier for arsenic quantitation. 
4.2.2 Diffusive and binding gels preparation 
 
The diffusive gels were prepared by mixing 0.25 g of DGT agarose cross-linker (2%) 
(DGT Research Ltd, Lancaster UK), 7.92 mL of ultrapure d.i water and  6.25 mL of 40 % w/v 
acrylamide (Sigma Aldrich) solution in a polypropylene bottle, and the gel solution was mixed 
thoroughly by stirring and stored at 4 °C. To 10.0 mL of the gel stock solution, 70 µL of freshly 
prepared 10 % w/v ammonium persulfate initiator  and 25 µL of TEMED catalyst and the 
resultant solution thoroughly mixed for two minutes and immediately cast between two glass 
plates separated by teflon plastic spacers (0.8 mm) as shown in Figure 4.2 and held together by 
strong clamps. The mixture was allowed to set at 40 ± 5 °C for 50 minutes.  The set gels were 
stored in 0.01 M sodium nitrate (Sigma Aldrich) solution and cut to specified circular DGT 
probe dimensions using a teflon circular disc before deployment in DGT probes (n = 3). 
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Figure 4.2. Assembly for making diffusive and binding gels. 
 
Fe-Zr binary oxide adsorbent powder was prepared following the procedure by Ren et. al 
[21]. It involved mixing 13.515 g (0.05 moles) of iron(III) chloride hexahydrate (Sigma Aldrich), 
4.028 g (0.0125 moles) of zirconyl chloride octahydrate (Sigma Aldrich) and 400 mL of 
ultrapure d.i water and the resultant solution was thoroughly magnetically stirred for 5 minutes at 
350 rpm. 2 molar sodium hydroxide was added dropwise up to a pH of 7.5 and the resultant 
suspension was continuously magnetically stirred for 1 hour and aged at room temperature, 24 
°C for 4 hours. The clear supernatant solution was decanted and the resulting semisolid washed 
thrice with ultrapure d.i, filtered and dried at 65 °C for 4 hours.  The dry solid was ground into a 
fine powder and stored in a desiccator.   
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Metsorb, 3-mercaptopropyl silica functionalized gel or Fe-Zr binary oxide binding gels 
(0.4 mm) were prepared by adding 1 g of the fine powder (50 µm) of the binding  agent  to 10 
mL of the gel stock solution and sonicated for  5 minutes using an ultrasonic cleaner (Model 
75HT, VWR International, West Chester, PA, USA). 70 µL of freshly prepared 10 % w/v 
ammonium persulfate initiator and 25 µL of TEMED catalyst and the resultant solution was 
magnetically stirred for 2 minutes to ensure uniform mixing throughout the gel solution, and 
immediately cast between two glass plates separated by an inert teflon plastic spacer of 0.4 mm, 
and held firmly by strong clamps. The mixture was allowed to set at the same conditions and 
duration as the diffusive gels.  The set gels were removed from the plates, hydrated with d.i 
water four times over 24 hours. The side of the gel where the binding agent settled was placed 
face up in DGT probe assemblies. The binding gels were stored in d.i water and were cut to 
specified circular DGT probe dimensions using a teflon circular disc before deployment in DGT 
probes (n = 3). 
4.2.3 Assembly of DGT samplers 
 
DGT probes were obtained from DGT Research Limited (Lancaster, UK). DGT bases 
and caps were washed by leaving them over night in 5 % (v/v) trace metal grade nitric acid 
(Fisher Scientific) and then washed three times in ultrapure d.i water. Assembled DGT probes 
with diffusive gel, filter paper and binding gel were deployed in water samples in triplicate in 
one-liter polyethylene bottles and magnetically stirred at 125 rpm using a Fisher Scientific 
magnetic stirrer plate. 
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4.2.4 Effect of pH and ionic strength 
 
Metsorb (1.0 g) was weighed into a polyethylene vessel  (n = 3) and dissolved in 50.0 mL 
of 100 ppb As standard (Spex Certiprep) prepared by using 3 % trace metal grade nitric acid and 
18.1 mΩ ultrapure d.i water. The mixture was left to stand for 24 hours, but with intermittent 
one-minute vigorous swirlings per hour for the first 14 hours.  The resultant solution was 
centrifuged for 5 minutes and the clear solution decanted and solid kept for arsenic quantitation. 
The solid was then dissolved in 5.0 mL of 1M sodium hydroxide (Fisher Scientific) for 24 hours 
to desorb the arsenic with intermittent one-minute vigorous swirlings per hour for the first 14 
hours. The resultant solution was centrifuged, the solid washed twice and the clear solution 
diluted ten times using 3 % trace metal grade nitric acid and analyzed for arsenic using GFAAS. 
This was repeated, but at various pH and ionic strengths (based on sodium nitrate) to ascertain 
the optimal pH and ionic strength for arsenic adsorption by Metsorb. 
In addition, arsenic determination in flow back waste water was carried out following the 
above procedure, and the diffusive gradient in thin film technique was  applied to flow back 
waste water,  but without arsenic spikes. 
4.2.5 Preliminary analysis of DGT samplers, uptake and elution for arsenic(V) in WRF6 
 
Diluted (5x) flowback water aliquots (20.0 mL) were spiked with 8 µL of 100 ppm 
Arsenic standard (Spex Certiprep) to yield flowback water 40 ppb in arsenic in triplicate.   DGT 
probes with Metsorb binding gel were immersed in the diluted spiked flowback water solutions 
for 1, 2, 4, 8 and 12 hours with constant magnetic stirring (125 rpm). The probes were 
disassembled, immersed in 10 mL of DI water for 2 hours to remove any potential excess 
unbound interfering or competing ions, and the binding gels placed in 5.0 mL of 1 M sodium 
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hydroxide for 48 hours with constant stirring to effect maximum arsenic elution/desorption. The 
resultant solution was diluted to 20 mL using 3 % trace metal nitric acid and analyzed for arsenic 
using GFAAS as in section 4.2.1. The same procedure was applied for selenium quantitation. 
The following DGT equations (explained in detail in chapter 1 section 1.6) and 
information were applied: 
CSOLN = GFAAS determined from the solution eluted from the gel (eluate) 
 CDGT  = DGT- calculated concentrations using formulas below: M = Ce(Vg+Ve)
fe
   , where M =  Mass of analyte in binding gel (ng) 
                                      Ce = Analyte concentration in eluate = CSOLN 
   Vg and Ve = Volume of gel ~ 0.16 mL and elution volume (20 mL) 
       fe =  ratio of eluted to bound analyte CDGT = M∆gDtA  , or  D = α∆gCCDGTA,  where Δg, D and A are the thickness of the diffusive gel 
(0.08 cm), diffusion coefficient in gel in cm2s-1and area in cm2(3.14 cm2), respectively, and  α is 
the slope of the linear regression of the mass of analyte, M (ng), accumulated in the binding gel 
over time, t (s).  
4.2.5.1 Long-term mass accumulation versus deployment time evaluation 
 
The same procedure was applied as in section 4.3.5, but DGT probes were deployment 
for longer times up to 3 days (72 hours), and arsenic was quantified at specific time intervals. 
Undiluted or 5x diluted WRF6  (50.0 mL) was spiked with 20 µL of 100 ppm arsenic 
(III), arsenic (V) or selenium (IV) working standard for initial Metsorb-DGT experiments. For 
Fe-Zr-DGT experiments and some Metsorb-DGT experiments, 1 liter of 5x diluted WRF6 was 
spiked with 200 µL of 100 ppm Arsenic (III) prepared standard (GFS chemicals) to yield a 
66 
 
solution 20 ppb in arsenic (III) and pH 6.77.  DGT probes were immersed in the spiked 50 mL or 
1 liter water solutions in triplicate for 2, 4, 8, 12, 16, 20 and 24 hours with constant magnetic 
stirring (125 rpm). The probes were disassembled and subsequently treated and analyzed 
similarly for arsenic and selenium as described in section 4.2.5 and 4.2.1. 
4.2.7. Fe-Zr –Bioavailable arsenic and selenium quantitation in undiluted unspiked and 5x 
diluted WRF6 
 
 Bioavailabe arsenic and selenium fractions in undiluted unspiked and 5x diluted unspiked 
WRF6 were determined using the same procedure as in section 4.2.6, but with no spikes 
whatsoever. Fe-Zr-DGT probes were deployed in 50.0 mL of undiluted WRF6 and 5x diluted 
WRF6. 
4.2.8 Arsenic (III), arsenic(V) and selenium (IV) mass accumulation over deployment time 
using Metsorb and Fe-Zr binary oxide adsorbents in FS 
 
The same section 4.2.6 procedure was applied, but using 1 liter of FS.  
4.2.9 Fe-Zr – Bioavailable arsenic and selenium quantitation in undiluted unspiked and 5x 
diluted FS 
 
The same section 4.2.7 procedure was applied, but using 1 liter of FS.   
4.2.10 Evaluation of arsenic (III) mass accumulation over time using DGT-Fe-Zr binary 
oxide adsorbent in 0.01M NaNO3  
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The same section 4.3.6 procedure was applied, but using 1 liter of 0.01M NaNO3 spiked 
with 200 µL of 100 ppm Arsenic (III) working standard (GFS chemicals) to yield a sample of 20 
ppb in arsenic (III) and pH 6.95. 
4.2.11. Speciation analysis 
 
 Speciation analysis for bioavailable arsenic (III) and arsenic (V) fractions in 0.01M 
NaNO3 and FS was carried out by using 3-mecarptopropyl-functionalized silica gel (Sigma 
Aldrich), which selectively binds arsenic (III), and allowed quantitation of As(V) by difference 
from the total bioavailable or free arsenic [arsenic (III) + arsenic (V)]  determined by Fe-Zr-
DGT-GFAAS. 
 Two liters of 0.01 M sodium nitrate was spiked with 200 µL of 100 ppm arsenic(III) 
(GFS chemicals) and 200 µL of 100 ppm arsenic (V) (Fisher Scientific) working standards to 
yield a solution 10 ppb in both arsenic(III) and arsenic(V). DGT probes with Fe-Zr binary oxide 
adsorbent were deployed for varying time lengths and analyzed for total bioavailable arsenic, 
arsenic (III) and arsenic (V). 
4.2.12 Determination of total  arsenic and selenium in WRF6 and FS solids 
4.2.12.1 Method  
 
WRF6 and FS were left to stand serenely for five days to enable maximum settlement of 
the solid. The clear solution was decanted off, the solid filtered and dried at room temperature in 
the hood for one week.  
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4.2.12.2   Microwave digestion 
 
Samples of the WRF6 or FS solid (0.30 g, n = 2) and FS solid (0.17 g, n = 2) were 
weighed and transferred into acid-washed microwave digestion vessels. Trace metal grade 
concentrated nitric acid (4.0 mL) and 0.5 mL of concentrated hydrofluoric acid (Fisher 
Scientific) were added and the vessels were placed into a CEM Corporation Mars 5 (Matthews, 
NC) microwave digester. The digestion was done at 400 W and 700 psi pressure, with ramping 
to a maximum temperature of 190°C over a period 40 minutes followed by holding at that 
temperature for 15 minutes. Samples were cooled to room temperature and each transferred into 
a polyethylene vial and diluted to 40 mL with 3% solution of trace metal grade HNO3. No solid 
remained after digestion. The samples were analyzed for total arsenic and selenium by TCF-
GFAAS at a wavelength of 193.7 and 196.0 nm, respectively. 
4.3 Extraction of total arsenic and selenium from Marcellus shales 
 
 In this section, Marcellus shale samples were exposed to flowback water WRF6, high 
salinity water (HSW), DI water and 3 % trace metal grade nitric acid for varying lengths of time. 
TCF was used to determine the total arsenic and selenium and DGT used to determine the 
bioavailable arsenic and selenium in the extracts. 
4.3.1 Leaching of arsenic and selenium from Marcellus shale  
 
   The potential for the WRF6 and HSW (100000 ppm Cl) to leach arsenic and selenium 
from  Marcellus shale was investigated and compared by adding shale (0.50 g, Gilmer 1978, n = 
2) to 25 mL of unspiked WRF6 and HSW water. The mixtures were placed in polyethylene 
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containers, sealed and placed in a rotating mixer for different times at room temperature. The 
total arsenic and selenium concentrations were measured after the various times. Another set of 
samples was treated similarly either using deionized water or 3 % trace metal grade nitric acid 
and the selenium concentration was measured after the same time intervals. The actual rock to 
water ratios that occur during hydrofracturing and associated temperature and pressure are 
unknown.  
The determination of bioavailable arsenic and selenium (CDGT)  extracted  from the 
Marcellus shale into WRF6 versus exposure time was determined in a similar manner. 
4.4. Results and Discussion 
4.4.1 Effect of solution composition on arsenic accumulation 
4.4.1.1 Metsorb-Arsenic-WRF6 
 
Initially, Metsorb was directly mixed into 100 ppb aqueous solutions of arsenic(V) for 24 
hours. The recoveries determined at pH 3.5 – 10.0 for moderate ionic strength solutions did not 
vary significantly as shown in Table 4.1.  When Metsorb was directly mixed into the high ionic 
strength flowback wastewater (WRF6) spiked with 100 ppb arsenic(V), no recovery was 
observed after 24 hours. Any arsenic initially present in WRF6 as well as that added by the spike 
was either not adsorbed by Metsorb or the high concentration of other ions in WRF6 inhibited 
arsenic adsorption. 
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Table 4.1. Arsenic spike concentrations obtained at various pHs and ionic strengths using DGT-
Metsorb and 100 ppb arsenic solutions and various ionic strengths (NaNO3). 
 
 
pH 
As (ppb) at various ionic strengths 
0.75 0.85 1.0 
3.5 85.4 ± 4.5 88.5 ± 3.5 89.1 ± 3.1 
7.0 85.3 ± 4.3 84.3 ± 4.4 87.2 ± 3.4 
8.5 88.2 ± 2.9 90.2 ±3.3 86.9 ± 3.5 
10.0 89.2± 4.4 92.5 ± 2.5 88.6± 3.0 
 
 The initial DGT-Metsorb experiment was carried out in undiluted WRF6 spiked with 40 
ppb arsenic(V) to determine the mass accumulated over time; however, the recovery of arsenic 
was less than 1%. This suggests that arsenic is could be present as a non-labile complex or 
species that cannot diffuse through the diffusive gel. The high concentration of other ions  
present in WRF6 might also compete for arsenic binding sites on Metsorb and block them. The 
rate of analyte uptake in the binding gel is dependent on the proportion of free or kinetically 
labile analyte species, which is strongly influenced by both kinetic and thermodynamic factors as 
well as the formation of constant and dissociation constant for the analyte complex species.9-10 
 Since the ionic strength of WRF6 was very high, it was diluted 5x and 20 mL was spiked 
with 40 ppb arsenic(V). The DGT-Metsorb accumulation of arsenic was then examined over a 
total time of 72 hours, and the results are shown in Figure 4.3. The elution efficiencies for both 
arsenic and selenium were above 80 % and were used in the generation of arsenic and selenium 
mass accumulation  versus deployment time plots. 
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Figure 4.3. Long-term arsenic mass (ng) accumulation versus deployment time (h) in 5x diluted 
WRF6 (Error bars are 95% C.I). 40 ppb As(V)  in 20 mL.  
 
The mass accumulated versus deployment time was linear up to 12 hours, after which 
deviations occurred at longer times, finally plateauing around 800 ng after 40 hours. Since the 
total mass of arsenic added to the solution was 800 ng, a volume of solution larger than 20.0 mL 
was needed to ensure linearity and collect data at longer times. The volume used for all 
subsequent experiments with WRF6 was therefore increased to 50 mL. Other authors have 
reported adsorbent capacity and deployment time as critical factors in the accuracy of DGT 
measurements [22-23]. In addition, total analyte mass in confined volumes is also important in 
the accuracy of DGT measurements. 
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 The diluted WRF6 was also spiked with 40 ppb arsenic(V) and after 12 hours of DGT-
Metsorb probe deployment the mass increased by 99 % compared to the undiluted WRF6 and the 
recovery was 101±7% shown in Figure 4.4. Dilution influences the dissociation of the inert 
complexes of arsenic into labile or partially labile species, thereby releasing more ‘’free’’ or 
kinetically labile (bioavailable) arsenic ions in solution.  
 
Figure 4.4. Arsenic(III) and arsenic(V) mass (ng) accumulation in diluted (5x) and undiluted 
WRF6 spiked with 40 ppb versus deployment time (h) for n = 3.  = As(III) in diluted WTF6;  
= As(V) in diluted WTF6;  = As(III) in undiluted WRF6;  = As(V) in undiluted WRF6 (Error 
bars are 95% C.I). Percent recoveries:  89±5% As(III) and 101± 7 % arsenic(V) in diluted 
WRF6; 8±2% As(III) and 1±0.5% As(V) in undiluted WRF6 after 12 hours. 
 
This resulted in higher analyte mass accumulation by DGT with dilution of WRF6. This 
type of behavior could lead to serious consequences if Marcellus shale flowback wastewater is 
simply added directly into a receiving water or diluted prior to disposal. 
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 Similar DGT-Metsorb experiments were performed with arsenic(III) in diluted and 
undiluted WRF6 and results for both arsenic(III) and (V) are shown in Figure 4.4. Less than 1 % 
of arsenic (V) was recovered in the undiluted WRF6 compared to 7.5% arsenic(III). This is 
likely due to differences in both the adsorption and complexation behavior of the two oxidation 
states. In the diluted sample 89±5% of arsenic(III) was recovered compared to 101±7% of 
arsenic(V) reflecting the changes in complexation due to dilution. This mass of arsenic(III) 
accumulated from the diluted sample was greater than that of arsenic(V), yet the recovery of 
arsenic(III) was less than that of arsenic(V). This is because the calculated “diffusion coefficient” 
of arsenic(III) is greater than that of arsenic(V). 
4.4.1.2 Metsorb-Selenium-WRF6  
 
When undiluted WRF6 was spiked with 40 ppb of selenium(IV), less than 1% recovery 
was observed after 48 hours. However, 5x dilution and spiking with 40 ppb selenium (IV), the 
recovery after 12 hours was 101 % as shown in Figure 4.5.  This behavior is similar to that 
shown previously by both arsenic (III) and arsenic (V).  
The corresponding diffusion coefficients were calculated using Eq. 1.9 and found to be in 
the same range to previously reported values (Table 4.2) [17, 19-20, 22-23].  
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Figure 4.5. Selenium (IV) mass (ng) accumulation in diluted (5x) WRF6 spiked with 40 ppb 
versus deployment time (h) (Error bars are 95% C.I). Percent recovery: 101 %  after 12 hours. 
4.4.1.3 Fe-Zr-Arsenic(III)-WRF6 
 
Similar experiments were done with arsenic(III) in undiluted WRF6 with Fe-Zr binary 
oxide adsorbent and compared to Metsorb data (Figure 4.6) and the corresponding diffusion 
coefficients are also given in Table 4.2. 
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Figure 4.6. Arsenic (III) mass (ng) accumulation versus deployment time (h) in undiluted WRF6 
using 40ppb spike (Error bars are 95% C.I). Percent recoveries:  7.5 % with metsorb and 10.5 % 
using Fe-Zr after 12 hours. 
Table 4.2 Diffusion coefficients (cm2/s) for various arsenic species and selenium in spiked 
undiluted WRF6.  
 
 
Analyte 
Diffusion Coefficient (cm2/s) in 
Undiluted WRF6 5x Diluted WRF6 
Metsorb Fe-Zr oxide Metsorb 
 
As(III) 
6.81x10-7 8.81  x10-7 8.86x10-6 
As(V) 9.00x10-8 ND* 7.04x10-6 
Se(IV) ND* ND* 8.01x10-6 
 
 
ND* = the accumulated analyte mass was too low even at longer deployment times (48 
hours); < 0.11 µg/L of arsenic and 0.18 µg/L of selenium, the method detection limit (based on 
3x absorbance of the blanks). 
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4.4.2 Fe-Zr –Arsenic and Selenium-Undiluted unspiked and 5x diluted unspiked WRF6  
 
 Fe-Zr binary oxide adsorbent was used to measure the concentration of the total 
bioavailable arsenic and selenium in unspiked WRF6. No bioavailable arsenic was detected (< 
0.11 µg/L, the method detection limit) and the bioavailable selenium was less than the total 
selenium concentration in WRF6 determined by TCF-GFAAS. This implies that some arsenic 
and selenium is not bioavailable in WRF6. However, when the samples were diluted five times, 
the concentrations of bioavailable arsenic and selenium quantified (multiplied by 5, the dilution 
factor) were almost twice the bioavailable fractions in the undiluted WRF6 as shown in Figure 
4.7 and Table 4.3 [7.3±1.5 µg/L selenium (undiluted WRF6) vs 2.6±0.5 x 5 = 13±2.5 µg/L 
selenium (diluted WRF6)].  This could mean that dilution releases more bioavailable arsenic and 
selenium fractions and may exacerbate ecotoxicological hazards if it continues unabated in the 
environment. 
Table 4.3. Arsenic and selenium concentrations in unspiked WRF6. 
 
 
 
Sample 
Arsenic  concentration (µg/L) Selenium  concentration (µg/L) 
TCF-GFAAS 
 
DGT-GFAAS TCF-GFAAS DGT-GFAAS 
Metsorb Fe-Zr Metsorb Fe-Zr 
Undiluted 
WRF6 
ND ND ND 10.1±2.2 6.7±1.7 7.3±1.5 
5x diluted 
WRF6 
ND ND ND 1.7±0.6 ND 2.6±0.5 
 
ND = Not detected (< 0.11 µg/L of arsenic, the method detection limit (based on 3x absorbance 
of the blanks). 
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Figure 4.7. Total bioavailable arsenic and selenium mass (ng) accumulation versus deployment 
time in unspiked diluted (5x) and undiluted  WRF6 (n = 3).  = Se in undiluted WTF6;  = Se in 
diluted WTF6;   = As in diluted WRF6 (Error bars are 95% C.I). Arsenic in undiluted WRF6 
was below 0.11 µg/L, the method detection limit. 
4.4.3 Comparison of Fe-Zr and Metsorb for determination of bioavailable arsenic and 
selenium in FS  
 
When similar experiments were carried out in spiked undiluted FS using Fe-Zr binary 
adsorbent and Metsorb, similar trends of recoveries of arsenic and selenium were observed. 
However, the percentage recoveries were much higher, over 95 % in undiluted FS, and the mass 
of analyte and the diffusion coefficient were larger in comparison to Metsorb experiments 
(Figures 4.8, 4.9, 4.110 and Table 4.4). This suggests that the majority of the spikes in  FS was  
bioavailable arsenic and selenium compared to WRF6 . 
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Figure 4.8. Arsenic (III) mass (ng) accumulation versus deployment time (h) in undiluted FS 
(Error bars are 95% C.I). Percent recoveries: 96.3 % with metsorb and 95.5 % using Fe-Zr after 
24 hours. 
Figure 4.9. Arsenic (V) mass (ng) accumulation versus deployment time (h) in 20 ppb spiked  
 undiluted FS (Error bars are 95% C.I). Percent recoveries: 104.5% with metsorb and 103.6% 
using Fe-Zr after 24 hours. 
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Figure 4.10. Selenium (IV) mass (ng) accumulation versus deployment time (h) in 20ppb spiked 
undiluted FS (Error bars are 95% C.I). 102.9 % with Metsorb and 103.7 % using Fe-Zr after 24 
hours. 
 
Table 4.4 Diffusion coefficients (cm2/s) for various arsenic species and selenium in spiked 
undiluted FS. 
 
Analyte 
Diffusion Coefficient (cm2/s) 
Metsorb Fe-Zr oxide 
As(III) 4.76 x10-6 9.39 x10-6 
As(V) 3.78 x10-6 5.19 x10-6 
Se(IV) 4.38 x10-6 4.78 x10-6 
 
4.4.3.1 Why different diffusion coefficients and analyte mass accumulation with Fe-Zr 
binary oxide and Metsorb? 
 
Since the diffusive layer was the same in both experiments using different binding layers, 
the diffusive coefficients were expected to be the same provided other factors were constant, but 
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they were not. The diffusion coefficient and mass accumulated after per unit time was higher for 
the Fe-Zr binary oxide adsorbent (Figures 4.8, 4.9 and 4.10). This could be attributed to the high 
affinity of the Fe-Zr binary oxide adsorbent for analyte which minimizes the build-up of the 
analyte in the diffusive gel or along the diffusion path to the binding layer by depleting it quickly 
and enabling more faster diffusion from the solution and irreversible binding with the analyte. In 
addition, at around neutral pH (pH 7), Fe-Zr binary oxide adsorbent has a high surface area (339 
m2/g) and adsorbent capacities of 120 and 46.1 mg/g for arsenic(III) and arsenic(V), respectively 
compared to metsorb with a surface area of 200-240 m2/g and adsorbent capacities  of 59.9 and 
37.5 mg/g  for arsenic(III) and arsenic(V), respectively. 
The mechanisms for arsenic adsorption on the Fe–Zr binary oxide was reported by Ren et 
al, 2011. As(III) is adsorbed by formation of both inner- and outer-sphere surface complexes  
whereas As(V) is adsorbed by formation of inner-sphere surface complexes. Figure 4.11 
illustrates the proposed mechanism. 
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Figure 4.11.Mechanism of arsenic (V) and arsenic (III) adsorption on Fe-Zr binary oxide 
adosrbent [21]. 
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Pena et. al [24] investigated the arsenate [As(V)] and arsenite [As(III)] interactions at the 
solid−water interface of nanocrystalline TiO2 (Metsorb) and ascertained that the adsorption of 
As(V) and As(III) involved the formation of negatively charged inner-sphere surface complexes 
for both arsenic species. Their studies showed that both As(V) and As(III) form bidentate 
binuclear surface complexes and the surface complexes on TiO2 maintained the same 
nonprotonated speciation at pH values from 5 to 10. The dominant adsorbed surface species were 
(TiO)2AsO2- and (TiO)2AsO- for As(V) and As(III), respectively. They suggested that TiO2 is 
an effective adsorbent for arsenic removal due to its high surface area and the presence of high 
affinity surface hydroxyl groups [24]. 
The arsenic As(V) and As(III) adsorption mechanisms on Metsorb  have been suggested 
as illustrated below [24]: 
2TiOH + 3H+ + AsO4- +  =  Ti2AsO4- + 2H2O + H+    (Arsenic V) 
2TiOH + H2AsO3-  =  Ti2AsO3- + 2H2O       (As III) 
4.4.4   Fe-Zr –Arsenic and selenium-undiluted unspiked and 5x diluted unspiked FS 
 
When Fe-Zr binary oxide adsorbent was used to determine the concentration of the total 
bioavailable arsenic and selenium in unspiked FS, no bioavailable arsenic was detected (< 
0.11µg/L, the method detection limit) and the bioavailable selenium was less than the total 
selenium concentration in FS determined by TCF-GFAAS. This implies that some arsenic and 
selenium is not bioavailable in FS. However, when the samples were diluted five times, the 
concentrations of bioavailable arsenic and selenium quantified (multiplied by 5, the dilution 
factor) were almost twice the bioavailable fractions in the undiluted WRF6 as shown in Figure 
4.12 and Table 4.5 [2.4 µg/L arsenic (undiluted FS) vs 0.9±0.4 x5 = 4.5±2.0 µg/L arsenic 
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(undiluted FS)].  This could similarly mean, as in WRF6, that dilution releases more bioavailable 
arsenic and selenium fractions in FS and could have detrimental ecotoxicological ramifications 
in the environment. 
Figure 4.12. Total bioavailable arsenic and selenium mass (ng) accumulation versus deployment 
time (h) in diluted (5x) and undiluted  FS (n = 3).  = Se in undiluted FS;   = As in diluted FS; 
 = Se in diluted FS (Error bars are 95% C.I).  Arsenic in undiluted was not determined (< 0.011 
µg/L) 
 
Table 4.5. Arsenic and selenium concentrations in unspiked FS. 
 
 
 
 
Sample 
Arsenic  concentration (µg/L) Selenium  concentration (µg/L) 
TCF-GFAAS 
 
DGT-GFAAS TCF-GFAAS DGT-GFAAS 
Metsorb Fe-Zr Metsorb Fe-Zr 
Undiluted FS ND ND ND 3.3 ±  0.4 2.1 ±  0.6 2.4 ±  0.5 
5x diluted FS ND ND ND ND ND 0.9±0.4 
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ND = Not detected (< 0.11 µg/L of arsenic and 0.14 µg/L of selenium, the method detection 
limit, based on 3x absorbance of the blanks). 
4.4.5 Speciation Analysis 
 
The initial study involved comparing Fe-Zr  binary oxide adsorbent with Metsorb 
bioavailable arsenic and selenium determinations in 0.01M NaNO3.  Similar trends of recoveries 
of arsenic and selenium were observed as in FS. However, the percentage recoveries were over 
99 % and the mass of analyte and the diffusion coefficient were higher in comparison to Metsorb 
(Figures 4.13, 4.14 and Table 4.6). 
 
 
Figure 4.13. Arsenic(III) mass (ng) accumulation versus deployment time (h) 20 ppb spiked 
0.01M NaNO3(Error bars are 95% C.I). Percent recoveries: 99.2 ± 4.2 % with Metsorb and 99.5 
± 4.3 % using Fe-Zr after 24 hours. 
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Figure 4.14. Selenium(IV) mass (ng) accumulation versus deployment time (h) in 0.01M 
NaNO3 (Error bars are 95% C.I). Percent recoveries: 99.1 ± 5.6 %  with Metsorb and 
99.6 ± 5.6 % using Fe-Zr after 24 hours. 
 
Table 4.6. Diffusion coefficients (cm2/s) for various arsenic species and selenium 
          in 0.01M NaNO3 and FS. 
 
 
Analyte Diffusion Coefficient (cm2/s) in 
0.01M NaNO3 Undiluted FS 
Metsorb Fe-Zr oxide Mercaptosilica 
 
Mercaptosilica 
 
As(III) 9.24 x10-6 1.28x10-5 1.45x10-5 1.05x10-5 
As(V) NDa 1.03x10-5* ND# ND# 
Se(IV) 4.56 x10-6 5.36 x10-6 ND# ND# 
 
ND# = Not done because mercaptosilica adsorbent only binds As(III); NDa  = Not done 
since appreciable results were obtained for Fe-Zr and As(V) is adsorbed slower; * = 
determined by difference 
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 Speciation analysis for bioavailable arsenic(III) and arsenic(V) fractions in 0.01M 
NaNO3 and then in FS. The total bioavailable arsenic [arsenic(III) + arsenic(V)] in the mixture 
was determined using Fe-Zr binary oxide adsorbent. 3-mecarptopropyl-functionalized silica 
binding agent was then used to selectively bind the arsenic (III). The concentration of As(V) was 
finally determined by difference.  The initial arsenic speciation analysis study was in 0.01M 
NaNO3 (Figure 4.15). 
  Another initial study involved use of a 40 ppb arsenic (III) spiked solution of  undiluted 
FS and analyze it for bioavailable arsenic using 3-mecarptopropyl-functionalized silica binding 
agent and determine the diffusion coefficient. This yielded a recovery of 94.6 % (Figure 4.16). 
Then speciation analysis was carried out in undiluted FS and data is shown in Figure 4.17. 
 
Figure 4.15 Total arsenic versus arsenic(III) and Arsenic(V) mixture  in the same sample of 10 
ppb of each in 0.01M NaNO3, n  = 3 (Error bars are 95% C.I).  =  Total arsenic;  = As(III);  = 
As(V) determined by difference. Percent recoveries:  99.4 ±4.6 % As(III) and 99.1± 4.2 % 
arsenic(V) after 24 hours. 
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Figure 4.16.  Arsenic(III) mass (ng) accumulation versus deployment time (h) in 40 ppb spiked 
undiluted FS using mercaptosilica (Error bars are 95% C.I). Percent recovery: 94.6 %  after 12 
hours. 
 
The arsenic(III) diffusion coefficient was higher in FS than 0.01M NaNO3 in a mixture 
of arsenic(V) and arsenic(III) (Figures 4.14 and 4.16, and Table 4.6). This could be due to 
conversion of arsenic(V) to arsenic(III) which leads to increased arsenic(III) concentration 
gradient in solution. This conversion could be triggered and accelerated by a myriad of factors 
stemming from the complex matrix of FS, such as pH fluctuations and ionic strength. 
After 24 hours of deployment both arsenic(III) and arsenic (V) determined were 5 % higher 
in 0.01M NaNO3 than FS (Figure 4.14 and 4.15). This is due to the complexity of FS matrix with 
a multitude of competing or complexing ions that hamper the diffusion rate of both arsenic(III) 
and arsenic(V) in FS or complex lability. 
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Figure 4.17 Total arsenic versus arsenic(III) and Arsenic(V)  mixture in the same sample of 10 
ppb of each in undiluted FS, n  = 3 (Error bars are 95% C.I).   =  Total arsenic;  = As(III);  = 
As(V) determined by difference. Percent recoveries:  111±9 % As(III) and 108± 8 % arsenic(V) 
after 24 hours. 
4.4.5.1 Why different diffusion coefficients in 0.01 M sodium nitrate in DI water, diluted 
FBW and FBW? 
 
In DI water with 0.01 NaNO3 there is no complexation whatsoever. All the analyte is 
entirely free or labile. However, in FBW where there is high ionic strength a multitude of ions 
can complex with the analyte ions to form a bulky or inert complex. If the complex formed is too 
bulky to navigate through the pore network of the diffusive gel easily, its diffusion rate to the 
binding layer is diminished. On the other hand, if the complexation results in an inert bulky 
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complex with molecular size greater than the pore size in the diffusive gel very little or no 
analyte is accumulated in the binding gel as its diffusion is impeded.  This could be attributed to 
the lowering of the diffusion coefficient by 52 %  and  the 51 % accumulated arsenic (III) mass 
(ng) decrease in metsorb after 24 hours of DGT probe deployment in FS flowback wastewater,  
and the lower CDGT/CSoln of 0.96 compared to the corresponding values in 0.01M NaNO3 in DI 
water (Figures 4.15 and 4.16 and Table 4.6). The same trend was also observed using Fe-Zr 
binary oxide adsorbent where the diffusion coefficient decreased by 27 %, accumulated 
arsenic(III) mass(ng) by 32 % and a  CDGT/CSoln  of 0.92 after 24 hours of DGT probe 
deployment in FS flowback wastewater.  
There is no reported work so far about application of DGT in the quantitation of arsenic 
and selenium in highly saline waters such as WRF6 or FS.  Longer deployment times can 
improve the detection limit since greater analyte amounts can be accumulated. However, in 
complex media such as undiluted flowback wastewater, the DGT concentrations may not be 
directly related to the total or dissolved analyte concentrations since species accumulated by 
DGT are dependent on size and lability. Zhang and Davison [7] reported that the size is 
determined by the diffusive gel and the normal DGT has a pore size of approximately 5 nm.  
Although, 5 nm is not a definitive cut-off, it means that hydrated metal ions and complexes < 5 
nm diffuse relatively freely in the gel and larger complexes are impeded. Large complexes will 
therefore only contribute marginally to the total accumulated analyte mass. Analytes bound to 
ligands that are small enough to diffuse through the diffusive gel will be included if the time of 
diffusion is long enough for the complex to dissociate (Zhang and Davison 1995, Scally et al., 
2003). 
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The assumption that any trace analyte interactions with the diffusive gel in fairly high 
ionic strength complexation free media (0.01 M NaNO3) are minimal in DGT quantitation was 
tested and indicated good agreement between CDGT/CSoln as earlier proven by early 
measurements of trace metals using DGT.  However, at lower ionic strengths (< 0.001M), it was 
reported that the observed values of  CDGT/CSoln  were systematically greater than 1 and this was 
attributed to the diffusion of metal ions being enhanced to maintain electroneutrality under 
dynamic conditions, and an apparently variable charge on the gel that led to erratic diffusion 
coefficients in the polyacrylamide diffusive gels [25-26]. Warnken et. al [5] addressed the 
apparent inconsistencies in CDGT/CSoln due to erratic diffusion coefficients by conducting 
systematic experiments that emphasized gel washing and showed that the extent of gel washing 
determines the value of CDGT/CSoln. Poorly washed polyacrylamide gels have a residual negative 
charge due to the presence of excess reagent products. The extent of washing can be measured 
by measuring the pH of the rinse solution. Sufficient washing yields pH values less than 7 and 
CDGT/CSoln values ~ 1 at very low ionic strength (0.0001M), whereas pH values greater than 7 
indicate incomplete removal of reagent products. 
A mechanistic basis for observed erratic values of CDGT/CSoln greater than 1 in pure agarose 
gel, based on the effect of gel charge was provided by Fatin-Rouge et. al [27] by investigating 
quantitatively several solute–gel interactions, including steric hindrance and specific binding of 
metals to the gel.  They reasoned that effect of gel charge becomes significant at very low ionic 
strength and creates a Donnan potential. This was supported by Yesek and van Leeuwen [28] 
who derived the Donnan potential from measurements of the conductivity of polyacrylamide gels 
copolymerized with sodium acrylate to ensure a high charge.  They noted that when gels are 
negatively charged, cations become electrostatically associated with the gel and their 
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concentrations on either side of the gel–solution interface are then unequal, which results in an 
enhanced cation concentration inside the gel. The charged-induced cation enhancement increases  
the diffusion gradient of ions through the gel in comparison uncharged gel  and CDGT is 
consequently higher than expected if calculated using Eq. 4.3, where the Donnan potential (c) 
established between gel and solution, because of the charge density of the gel (r), can be used to 
calculate the elevation of the concentration in the gel (Cgel) over the solution (Eqs. 4.3 and 4.4). 
Cgel
Csoln
= e−ZMFψ/RT                                                        (4.3) 
ψ�
RT
zF
� asinh = � ρ
2zFc
�                                    (4.4) 
Where zM is the valence of the metal ion, and that of the supporting electrolyte, of 
concentration c, is z. F, R and T are the Faraday constant, molar gas constant and absolute 
temperature, respectively. For positively charged gels, cations are repelled and the concentration 
at the gel side of the interface is subsequently lowered. This culminates in lowering the 
concentration gradient in the gel and CDGT/Csoln becomes less than 1 in very low ionic strength 
[9].  The effect of gel charge is reduced as ionic strength (related to zc) is increased (Eq. 4.4). 
Even at fairly constant relatively high ionic strength, there are some discrepancies in the 
diffusion coefficients of arsenic(III) and arsenic(V) in different water matrices used in this work, 
compared to previous measurements [17, 20, 22]. However, it should also be noted that there is a 
spread in already reported values. For instance, while Bennett et al [17] estimated the diffusion 
coefficient of arsenic(III) to be (1.05±0.25) x 10-5 cm2/s at pH 6.70, Panther et al. 2008 got a 
value of (5.95±0.30) x 10-6 cm2/s at pH 5.00 (both values recalculated to be valid at 25 ºC). The 
differences could be attributed to differences in matrix composition, pH and/or the precision and 
accuracy associated to the diffusion coefficient determination methods. There could for example 
be small discrepancies in diffusive boundary layer thickness caused by different stirring rates and 
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measurements of the diffusive gel thickness or the area of the connecting interfaces between the 
DGT probe compartments [6]. 
4.4.6 Total arsenic and selenium quantitation in the FS solid by TCF-GFAAS 
 
Although the total arsenic concentrations in WRF6 had less than 0.11 µg /L, the method 
detection limit, the solid did contain some arsenic  as shown in Table 4.7. 
 
Table 4.7 Arsenic and selenium concentrations in flowback waste water solids by TCF          
GFAAS. 
Sample solid Arsenic  concentration 
(µg/kg) 
Selenium  concentration 
(µg/kg) 
WRF6 3.7 ± 0.7 1.8 ±  0.5 
FS 6.3 ± 0.8 2.5 ±  0.6 
  
The total selenium concentrations in WRF6 and FS were 10.1± 2.2 µg /L and 3.3 ± 0.4 
µg /L, respectively. The concentration in WRF6 is approximately two times higher than the 
CCC. Similar to arsenic, some selenium was also found in the solid as shown in Table 4.7. 
4.4.7 Extraction of Arsenic and Selenium from Marcellus shale  
 
 The concentrations of arsenic and selenium extracted from the shale are proportional to 
the duration of exposure of the Gilmer 1978 Marcellus shale and ionic strength of aqueous 
solution as shown in Figure 4.18 and 4.19. The mass extracted from the shale varied with the 
exposure time in both WRF6 and HSW, while the masses extracted were higher in WRF6 than 
HSW for both analytes. This implies that both the ionic strength and solution composition are 
likely to play a key role in the extraction of arsenic or selenium into these solutions. The mass of 
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selenium extracted by either deionized water or 3% nitric acid was significantly less than that 
extracted by the WRF6 or HSW.  
 The selenium and arsenic concentrations in unspiked WRF6 were 10 ppb selenium and ≤ 
1 ppb, respectively. Only 1% of the total arsenic could be extracted from Gilmer 1978 after 72 
hours by WRF6; however, the selenium extracted after 72 hours by WRF6 represented 21% of 
the total. This suggests that the selenium could be bound differently than arsenic within the shale 
matrix.  Although it is not known how the arsenic and selenium species are bound or speciated in 
this shale, a higher percentage of selenium is extracted.  
 The concentration of selenium obtained after 72 hours of exposure (16 ppb) is already 
over 3X the selenium CCC.  In a previous study it was reported that the leaching of trace metals 
from different shales by aqueous brine solutions was dependent on the ionic strength as well as 
the temperature of the solutions [29]. An increase in either the temperature or the ionic strength 
increased the amount of metal leached and a change in the salt solution composition also 
changed the amount leached.  
 Although the pH of fracturing water which resulted in flow back water, WRF6, was 
unknown, the pH of WRF6 and HSW were 6.71 and 6.83, respectively. There were significant 
differences in the amounts of arsenic and selenium extracted by these two solutions. This implies 
that although pH is a factor influencing chemisorption of arsenic and selenium species, it is 
possible that under conditions of high ionic strength its effect is diminished.  
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Figure 4.18. Arsenic extracted from Marcellus shale (Gilmer 1978) by WRF6 and HSW 
at various  exposure times (Error bars are 95% C.I). 
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Figure 4.19. Selenium extracted from Marcellus shale (Gilmer 1978) by WRF6 and HSW 
at various exposure times (Error bars are 95% C.I). 
4.4.7.1 Bioavailable arsenic and selenium (CDGT) and total arsenic and selenium (CTCF) 
extraction  from the Marcellus shale into WRF6 vs exposure time 
 
 The potential for the WRF6 to contain labile arsenic and selenium from Marcellus shale 
has been  investigated and compared by adding the ground Marcellus shale (0.50 g, Gilmer 1978, 
n=2) to 25 mL of water. 
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Figure 4.20. Labile arsenic and selenium (CDGT) and total arsenic and selenium (CTCF) extracted  
from the Marcellus shale* into WRF6 vs exposure time (Error bars are 95% C.I). (* = Total 
arsenic and selenium concentrations in the Gilmer 1978 Marcellus shale were 153 ± 4  and 3.9 ± 
0.4 µg/g, respectively [30]). 
As shown in Figure 4.20, the amount of bioavailable arsenic or selenium in WRF6 
increased proportionally with exposure time. Although, the bioavailable arsenic proportion 
appears to have increased markedly compared to that of bioavailable selenium, bioavailable 
selenium increased much more markedly (14 % higher) after 48 hours of exposure in comparison 
to the original analyte concentrations in the shale. The bioavailable selenium concentration after 
48 hours was also above 3x the CCC. Although, it is difficult to simulate the exact conditions 
such as pressure, surface area and temperature, hydraulic fracturing occurs, this preliminary 
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study gives insights into the probable hazardous environmental ramifications of extended 
exposure of the Marcellus shales to highly saline waters. 
4.8 Conclusions 
 
 The major findings in application of DGT to flowback wastewaters are that diffusion 
coefficients and the ratio CDGT/CSoln of analyte ions depend on ionic strength, type of adsorbent 
and dilution. Dilution of high ionic strength waters enables release of more free or labile analyte 
ions that increase the bioavailable fractions of arsenic and selenium in solution. This could be of 
potential long-term ecotoxicological repercussions as most of the hydrofracture wastewater is not 
treated well but just disposed of in underground streams or open streams. Dilution of WRF6 
enabled considerable bioavailable arsenic and selenium fractions quantitation from linear DGT 
plots but not in undiluted WRF6. This means that when flowback wastewater is disposed of  in 
the environment and gets diluted by streams or rain, arsenic and selenium which are complexed  
are  released into the water and become bioavailable. The bioavailable arsenic and selenium can 
permeate aquatic ecosystems. This could consequently lead to arsenic and selenium 
bioaccumulation and biomagnification in aquatic ecosystems with disastrous ramifications if the 
arsenic and selenium release continues unabated. 
 The exposure of the Marcellus shales to WRF6 and HSW has shown that significant 
amounts of both arsenic and selenium can be extracted, and the mass extracted increases with 
exposure time. The ionic strength and composition of the solution contacting the shale also have 
a very significant effect on the amount of analyte extracted.   
 Although the concentration of arsenic is much higher than selenium in the shale, the two 
analytes appear to be bound differently by the shale. The selenium concentration in unspiked 
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WRF6 was 10 ppb, but the arsenic concentration was ≤ 1 ppb, the detection limit for arsenic for 
this method. The detection limit for selenium was 2 ppb.  Because the Marcellus shales contain 
significant amounts of arsenic and selenium, the extraction of these analytes into high ionic 
strength water at depths of a mile or more where higher temperatures and pressures exist, is a 
potential environmental concern. The high volumes of water used in the hydrofracturing process 
(millions of gallons) makes it imperative to carefully control the disposal and/or re-use of this 
water. 
Although no significant bioavailable and total arsenic concentration was found in flow back 
water (WRF6), prolonged exposure of the Marcellus shale to WRF6 increased markedly the 
bioavailable  arsenic and selenium fractions in WRF6. Both total and bioavailable selenium 
concentrations were above the CCC (5 µg/L), which could pose ecotoxicologically hazardous 
ramifications. In addition to adsorbent capacity and deployment time, accuracy of DGT 
measurements is also dependent on total analyte mass in confined volumes. 
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Chapter Five 
Future Work /Directions 
 
 These studies were carried out at room temperature and 1 atmosphere which are different 
conditions from the high pressures at which the hydraulic fracturing fluids are injected into the 
Marcellus shale at depths of 7000 ft. The corresponding temperatures are also higher at such 
depths. Therefore, studies at higher temperature and pressures could be done to examine the 
effects of flowback wastewater on the extraction of total inorganic and/or bioavailable arsenic 
and selenium fractions from the Marcellus shale.  
 
 Speciation analysis methods for bioavailable arsenic (III), arsenic(V), selenium(IV) and 
selenium(VI) should be developed using binding gels with more selectivity and capacity in high-
salinity waters such as flowback wastewaters, since chemical species of the same element in 
different oxidation states have different toxicological effects. 
 
There is a need to study and address potential transport pathways and fate of the hydraulic 
fluids and hydrofracture wastewaters, and arsenic and selenium concentrations in high salinity 
flowback waters at different times of sampling and storage. 
 
 The forms and binding mechanisms of arsenic and selenium compounds to the binding 
gels and thiol cotton fiber should be a focus for further research such that once ascertained and 
the factors affecting their formation optimized, method improvement and application to 
chemically identical analytes would ensue. 
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